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RANDOM RECURRENCE EQUATIONS AND RUIN
IN A MARKOV-DEPENDENT STOCHASTIC
ECONOMIC ENVIRONMENT!

By JEFFREY F. COLLAMORE
University of Copenhagen

We develop sharp large deviation asymptotics for the probability of
ruin in a Markov-dependent stochastic economic environment and study
the extremes for some related Markovian processes which arise in finan-
cial and insurance mathematics, related to perpetuities and the ARCH(1) and
GARCH(1, 1) time series models. Our results build upon work of Goldie
[Ann. Appl. Probab. 1 (1991) 126-166], who has developed tail asymptotics
applicable for independent sequences of random variables subject to a ran-
dom recurrence equation. In contrast, we adopt a general approach based on
the theory of Harris recurrent Markov chains and the associated theory of
nonnegative operators, and meanwhile develop certain recurrence properties
for these operators under a nonstandard “Gértner—Ellis” assumption on the
driving process.

1. Introduction and summary. In a variety of problems in insurance mathe-
matics and risk management, as well as other applied areas, it is relevant to study
the tail probability of a random variable satisfying a stochastic recurrence equation.
An example of this type arises in risk theory, where the objective is to character-
ize the probability of ruin of an insurance company whose losses are governed by
Lundberg’s (1903) classical model, but where the company earns stochastic in-
terest on its capital. In the setting of stochastic investments, the analysis of ruin
departs substantially from the renewal-theoretic approach typically employed for
Lundberg’s original model. Instead, one introduces an associated process {W,},
defined below, and observes that

P{ruin} = P{sup W, > u},
n

where u is the initial capital of the company and W := sup,, W, satisfies the ran-
dom recurrence equation

(1.1) W< B+ Amax{0, W)

for certain random variables A (associated with the investment process) and B (as-
sociated with the insurance business); see Section 2.1 below. The characterization
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of ruin then centers around (1.1) and, in particular, the tail decay of its solution as
u — oo. In this setting, it is known that the probability of ruin decays at a certain
polynomial rate, namely,

(1.2) P{W >u}~Cu™" as u — 00

for constants C and t; see, for example, Goldie (1991), Nyrhinen (2001), and,
for the continuous time case, Kalashnikov and Norberg (2002), Paulsen (2002),
Pergamenshchikov and Zeitouny (2006) and Kliippelberg and Kostadinova (2008).
Rough large deviation asymptotics in a general setting have also been developed
in Nyrhinen (1999).

Related recurrence equations arise, for example, in life insurance mathemat-
ics, where attention is focused on perpetuities, which describe the discounted
future payments of a life insurance company; and in financial time series mod-
eling, where it is relevant to describe the tail decay for the now-standard ARCH(1)
and GARCH(1, 1) models, used to quantify the logarithmic returns on an in-
vestment [cf. Engle (1982), Bollerslev (1986), Embrechts, Kliippelberg and
Mikosch (1997)]. In these cases, the solution is obtained by solving a random
recurrence equation closely related to (1.1), namely,

(1.3) vipav.

In the case of perpetuities, the random variables A and B are once again deter-
mined by the investment and insurance processes, respectively, and V describes the
future financial obligations of the company; see Section 2.3 below. It is known—
both for the case of perpetuities and for the ARCH(1) and GARCH(1, 1) financial
models—that

(1.4) P{V>u}~Cu™®  asu— o

for constants C and t [cf. Goldie (1991), Mikosch (2003), and, for a continous-time
version, Carmona, Petit and Yor (2001)]. Other relevant results for perpetuities can
be found, for example, in Dufresne (1990) and Cairns (1995).

These diverse problems are unified through (1.1) and (1.3), which state that the
random variable of interest statisfies an equation of the general form

(1.5) AR VA

for some real-valued random function ®. Solutions to such recurrence equations
have been developed in Kesten (1973), Grincevicius (1975) and Grey (1994), and
particularly Goldie (1991), who introduced an approach based on “implicit” re-
newal theory, which is widely applicable in the setting of (1.5). Based on the results
of Goldie’s paper, one readily obtains estimates such as (1.2) and (1.4), as well as
various estimates relevant, for example, in queuing theory and other applied areas.

If, however, the financial or insurance process arising above is Markov depen-
dent, then the above approach breaks down and the situation is actually quite dif-
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ferent, and it is not possible to develop corresponding estimates to (1.2) and (1.4)
based on the recurrence equations (1.1) and (1.3). Such extensions are nonetheless
of considerable applied relevance. For example, the investment returns of an insur-
ance company would not generally be independent, nor could they be described as
a Markov chain in finite state space. A realistic model would typically involve a
state space which is, say, real-valued and therefore uncountable, and would have
increments which are unbounded. This is the situation in many of the standard fi-
nancial models, such as the ARMA, stochastic volatility and GARCH time series
models.

The objective of this article is to study (1.2) and (1.4) in a Markovian setting
where the insurance and, especially, financial processes involved are driven by a
Harris recurrent Markov chain. Based on the regeneration technique of Athreya
and Ney (1978) and Nummelin (1978), we shall show that recurrence relations
similar to (1.1) and (1.3) can be obtained. [It should be noted that this approach
differs markedly from known methods for similar problems; cf., e.g., Nyrhi-
nen (2001), de Saporta (2005).] In a general Markovian setting, the analysis of
these equations turns out, however, to be considerably more complicated than in
the independent case, and a main aspect of our study will be centered upon the reg-
ularity properties of certain random quantities formed over the regeneration cycles
of the Markov chain. In Theorem 4.2 below—a central result of this paper—we
develop regularity properties closely related to geometric t-recurrence for the op-
erator ﬁt, where

Py(x,dy) :=e* PV P(x,dy)  Va,

and P is the transition kernel of the underlying Markov chain and f a real-valued
function. Geometric t-recurrence plays an important role in the large deviations
theory for general Markov chains [cf. Ney and Nummelin (1987a, 1987b)].

In particular, there has been much recent attention focused on establishing
geometric recurrence for a given Markov transition kernel P, which is typically
achieved by verifying a Lyapunov drift condition, namely,

(D) f V() P(x.dy) < pV(x) + ble(x)

for some function V > 1, “small set” C and constants b < oo and p < 1 [cf. Meyn
and Tweedie (1993), Chapter 15]. However, validating a condition such as (D)
with the operator P. in place of P—which would yield geometric t-recurrence
and some extensions developed here—is generally much more difficult. In this pa-
per, we propose an alternative approach, based on the introduction of an auxiliary
“h-function” and the verification of an associated “Gértner—Ellis” limit and mi-
norization condition. These conditions provide an alternative to () which, at least
in the context of our examples, can be verified somewhat more naturally. [An al-
ternative approach has recently been introduced in Kontoyiannis and Meyn (2003,
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2005). The relationship between their approach and ours is discussed in more de-
tail in Section 2 below.] In our development, we shall rely heavily on the theory of
nonnegative operators, as summarized in Nummelin (1984).

We conclude by mentioning some recent work on Markov-driven perpetuities,
as described in (1.4) above. An extension of (1.4) to finite state space Markov
chains has recently been obtained in de Saporta (2005). Also, an extension to
functionals of continuous-time Markov processes has been given in Blanchet and
Glynn (2005), but under a boundedness assumption on the functionals which is
violated in the examples we consider here. Specifically, their assumptions in our
problem would imply that the sequence {}_"_, A;} is bounded, leading to exponen-
tial rather than polynomial decay for the probability of ruin. In fact, our emphasis
on unbounded processes {A,} will lead to the main technical difficulties which
we shall encounter below. In contrast to both of these papers, our methods will be
based on the regeneration properties of the underlying Markov chain, and regener-
ation will be central to our approach here.

An outline of this paper is as follows. In the next section, we give a more pre-
cise description of the ruin problem with stochastic investments, as introduced in
(1.1), (1.2), and then turn to a Markovian formulation of this problem. Next, we
describe the same Markovian formulation, but for perpetuities and the ARCH(1)
and GARCH(1, 1) financial models. Some examples are given in Section 3, proofs
are given in Sections 4 and 5 and generalizations are briefly discussed in Section 6.

2. Statement of results.

2.1. A description of the insurance risk model in the i.i.d. setting. We begin
by recalling the classical Cramér-Lundberg model for the capital growth of an
insurance company, namely,

N;
(2.1 Yi=u+ct—) &,
i=1

where u is the initial capital of the company, ¢ is the premiums income, {&;} are
the i.i.d. claims losses and {N;} is a Poisson process, independent of {£;}, which
describes the occurrence times of the claims. These assumptions imply that {Y;} is
a Lévy process, with i.i.d. losses over unit intervals given by

Byi=—(Yy—Yo_1), n=12 ...

It is assumed that {Y;},>0 has a positive drift or, equivalently, that {B,},cz, has
a negative mean.

We now depart from this model by introducing a financial process describing
the investment returns. Assume that the return rate during the nth discrete time
interval is given by r,, and let Z,, denote the total capital of the insurance company
at time n. Then

(2.2) Z,=A4r,)(Zy—1 — Bp), n=1,2,... and Zy=u.
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[One could alternatively assume that Z,, = (1 4+ r,)Z,—1 — By, and the analysis
would carry through without significant change.] Setting R, = 1 4 r,, and solv-
ing (2.2) recursively for Z,, yields

(2 3) Zn = Rn(Zn—l - Bn) = Ran—l(Zn—Z - Bn—l) - Ran
=-=(Ry---R1)Zo—(Ry---R1)B1 — - — Ry By.

Assuming r, > —1 a.s. for all n, we may set A, :=1/(1 + r,) to be the stochastic
discount factor, and multiplying left- and right-hand sides of (2.3) by A;--- A,
yields

2.4) (A1 Ap)Zy =u— W,
where
(2.5 Wy =B1+A1By+---+(A1---Ay—1) By,

that is, W, represents the total discounted losses incurred at times 1 <i <n.
Let

W =sup W,.
n>1
Then {Z, < 0, for some n} <= {W > u}, by (2.4), and hence the probability of
ruin is given by

(2.6) W(u) :=P{W > u).

2.2. The Markovian case and a statement of our results. Our next objective
is to generalize the above formulation so that it allows for Markov dependence.
In the interest of simplicity we shall first assume that there is dependence only
in the investment process {A,}, and that the insurance process {B,} is i.i.d. and
independent of {A,}. In Section 6.1 below, we shall discuss a slight generalization
which allows for Markov dependence also in the sequence {B,}.

We begin, then, with a Markov chain in general state space, denoted by {X,,},
and assume

2.7 log A, = f(Xy),

where f:S — R and is typically unbounded. (We could equally well assume that
the function f is random; see Remark 2.3 below.)

We suppose that {X,,} is time-homogeneous, taking values in a countably gen-
erated measurable state space (S, 4) with transition kernel P(x, E) and k-step
transition kernel P¥ := P P*~! for k > 1. Assume that {X,} is aperiodic and irre-
ducible with respect to a maximal irreducibility measure ¢. [For the definitions and
a further characterization of these conditions, see Nummelin (1984) or Meyn and
Tweedie (1993).] As an additional regularity condition, we suppose that for ¢-a.a.
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initial states x € S, the distribution of 2?21 log A; is spread out for all n > N(x),
where N (x) is some positive integer.

Under the assumption that {X,} is irreducible with respect to ¢, there exists
a minorization for { X, } [Nummelin (1984), Theorem 2.1]; namely,

(Mo) Slc(x)v(E) < P*(x,E)  VxeS, Ec3,

for some k € Z,, § € (0, 1], a probability measure v on (S, §) and a “small set”
C € 4, where ¢(C) > 0. Here we will work with a strengthening of this property,
condition (1), which will be described below.

Notation.
Sp=logAi+---+logA,, n=1,2,... and S=0;
S,(lh)=h(X1)+"'+h(Xn)» n=1,2,...,

for any measurable function 2 :S — [0, 00);
1
Ae) = limsup — log E[¢*5] Vo € R;
n—oo N
Ap(a) =1logE[|B1]“] Va € R;

1 h
A(e) = limsup — log E[e? B ] Vo = (a, f) € R%;

n—oo N

Loh={xeS:h(x) <a) Va € R, for any function 4:S — R.

Also let 1¢ denote the indicator function on C, and for any measure v, let supp v
denote the support of v. (In the notation for A and A, we have suppressed the
dependence on the initial state of the Markov chain. However, in Proposition 5.1
below, it will be shown that these quantities are actually independent of this initial
state.)

The functions A and A are the “Gértner—Ellis” limits arising in large deviation
theory [cf. Dembo and Zeitouni (1998), Chapter 2]. Roughly, A can be equated to
the spectral radius of the transform kernel

2.8) B (x. E) ;:/ O px,dy)  VxeS, Ee8,
E

where f is given as in (2.7), and similarly for A; cf. de Acosta (1988), Section 7.

We turn now to some assumptions on the Markov-additive process {(X;, S,):
n=0,1,...}. First note that, if the average return rate is positive, then 1 +r; > 1
“on average,” and hence it is reasonable to expect that

Ex[A1]:=E-[(1+r)"'1€(0,1),

where 7 is the stationary probability measure of {X,}. By Ney and Num-
melin (1987a), Lemmas 3.3 and 5.2 (and their proofs) and an application of
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Jensen’s inequality, we then obtain under very weak regularity conditions on the
Markov chain that, if A is finite in a neighborhood of zero,

(2.9) A(0)=E,[logA] <O0.
Hence
(2.10) t:=sup{o: A(x) <0} >0.

Moreover, if P,{A; > 1} > 0, then vt < oo, so the solution to (2.10) is in fact a
proper solution.

In addition to the existence of the solution in (2.10), we will also need to assume
a further regularity condition on A, roughly stating that it is finite in a neighbor-
hood of t, and that for some choice of &, the generating function of {h(X,)} is
sufficiently well behaved around the origin. To motivate this condition, set

h(x)=|f(x)| and S, =) (—f(X)VO

i=1

and observe by Hoélder’s inequality that
@I E[ES) < (B P P S e,

where p~! 4+ ¢! = 1. Then
1 1
(2.12) A(a, B)) = ;A(&) + 51\(—8),

where @ = p(a 4+ 8) and ¢ = 2¢gB. Choosing («, ) sufficiently close to (t, 0),
then p sufficiently close to one, and finally letting 8\, 0, we conclude that if A is
finite in a neighborhood of the interval [0, t], then

(2.13) A((a, B)) < o0 for some o > tand 8 > 0.

More generally, if we take 4 to be an arbitrary function, then in place of (2.11) we
obtain

(2.14) E[easnws,i’”] < (E[epasn])l/p(E[eqﬂS,i’”])l/q

and hence (2.13) still holds, provided that A is finite in a neighborhood of t and the
generating function of {S,(,h)} is finite in a neighborhood of zero. Hence, we may
also choose /(x) = ||x|| or a more slowly increasing function, such as log || x| v 0.
Later, we will relate the function /4 to the minorization condition (9)1), given below,
and for this reason it will often be necessary to choose % to be different from | f|.
This is because we will need % (x) to tend to infinity as ||x|| ' oo in order for (1)
to be satisfied. See, for example, Example 3.3 below. (Also see Example 3.1 for
another case where we would generally not choose 7 = | f].)
The above considerations provide motivation for the following.
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Hypotheses.

(Hyp) te (0, 00).
(H») There exists a function ~:S — R and points o > ¢t and 8 > 0 such that
A((a, B)) <oo and Apg(a) < oo.

Next we introduce a further condition which regulates the behavior of {A;}
and {X,} on the level sets of the function h appearing in (H>). To motivate this
condition, note that for a very large class of financial processes, there is some form
of stochastic domination. A simple example of this type is the AR(1) process,

(2.15) Xn :CXn_1+§na n=12,... and Xo=x,

for |c] € (0, 1) and {¢,} an i.i.d. sequence of standard Gaussian random variables.
Then

Xo=z <= X;~Normal(cz,1).
Consequently, if ¢ > 0 then

2.16) x<y = P(x,E)<P(y,E) forallsetsEg[%(x—i—y),oo);

and conversely,

x<y =— PO,E)<Px,E)
2.17)

for all sets E C (—oo, %(x + y)}

where P denotes the Markov transition kernel of {X,}. Therefore, if L h C
[—=b, b] then

2.18) Px,E)<P(—b,E)+P(O,E) forall x € L,h and E € §.

If ¢ < 0, then the inequalities on the right-hand sides of (2.16) and (2.17) are
reversed, but (2.18) remains valid. This type of reasoning can be generalized to
include, for example, general ARMA(p, g) models by using a vector representa-
tion for the process {X,}; cf. Meyn and Tweedie (1993), Chapter 2 and Section 6
below. More complicated financial processes can be handled similarly.

Of course, a representation such as (2.18) would be quite meaningless if it
were only to hold for the individual points » and —b, which have gp-measure zero,
whereas (2.18) actually holds for every b > b. For this reason, in (2.18) it is natural
to substitute sets of positive ¢-measure for the individual points —b and b; and in
this way we arrive at the following general condition.

(H3) Forany a > 0, there exist ¢-positive sets E1, ..., E; €S, possibly dependent
on a, and a finite constant D, such that

l
P(x,E) < Dqinfd > " P(x;, E):x; € E;, 1 <i <l Vx € Lyh, E € 8.
i=1
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Finally, we introduce a strengthening of the minorization (M) described above.

MINORIZATION (9M). For any a > 0 sufficiently large, there exists a constant
8, > 0 and a probability measure v, on (S, §) with v, (L,4) > 0 such that

(M) 8alp n(x)va(E) < P(x,E)  Vx€S,Ee€3.

It should be emphasized that the function £ in (M) is the same function as
that appearing in (Hy). Thus, while (H;) benefits from a small choice of &, the
minorization (M) benefits from a large choice of 4 and, in practice, a balance is
needed in selecting a proper choice for this function.

REMARK 2.1. There is no loss of generality in assuming that suppv, C
Lah N Ly f, where b € R is arbitrarily large, since we may always truncate the
measure v, in (M) and the minorization will still hold. In the sequel, it will always
be assumed that v, has been chosen in this manner.

REMARK 2.2. For simplicity, we have taken k = 1 in (M) [compare (Mp)],
which may be restrictive in certain examples. A generalization to the case where
k > 1 will be discussed below in Section 6.2.

To see how (M) relates to some more standard conditions, suppose for the mo-
ment that { X, } is uniformly recurrent, that is,

Svo(E) < P(x, E) <dvy(E)
(R) N
Vx €S, E € 4, for some probability measure vy.

In this case, the C-set in (Mp) may be taken to be the entire state space, which
means that (97) then holds with # = 1. Incidentally, from (R) we also obtain

d
(2.19) P(x,E)ng(xo,E) Vx €8S, E €4, forany xg €S.

Consequently (H3) holds. Thus, in this setting, our conditions reduce essentially
to (Hy) with & = 1, namely, we require that A(«) < oo and A g(«) < 00, for some
o>t

In the examples below, the upper and lower bounds in (*R) will not be satisfied,
but in place of the lower bound we will have

(M) 8ilc;(X)v;(E) < P(x,E)  Vx€S, E€8, jely,

along an appropriately chosen sequence of sets C; ' S. Then an unbounded func-
tion & may essentially always be found which satisfies condition (9)t), although
this imposes an additional constraint on (H») as compared with the case 7 = 1. For
example, a typical choice for & would be to take 4 (x) = ||x||, in which case the
level sets o£,h would tend to S as a — oo. In essence, then, (9J1) requires that the
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minorization (Mp) hold for an arbitrarily large choice of C, but it is not required
that C = S. In particular, our assumptions lie somewhere between the minorization
condition (Mp), which is essentially always valid, and the much stronger condi-
tion that the Markov chain be uniformly recurrent. Nonetheless, these conditions
are flexible enough to handle some reasonably complicated financial models, as
will be seen in Section 3 below.

We note that if P were replaced with P*i on the right-hand side of (M), then
this condition would indeed be an exceedingly mild requirement [cf. Meyn and
Tweedie (1993), Proposition 5.2.4].

THEOREM 2.1. Let {(X,,S,):n =0,1,...} be a Markov-additive process
and let h:S — [0, 00) be a function satisfying conditions (Hy)—-(H3z) and (IN).
Then for p-a.a. x €S,

(2.20) lim u"W,(u) =C,
u— 00

where C € [0, 00), and ¢ € (0, 00) is given as in (2.10).

REMARK 2.3.  As an extension, one could suppose that the function f in (2.7)
is random. In Ney and Nummelin (1987a, 1987b), Markov-additive processes are
studied which take the general form S, =& + - - - 4+ §,, where

P{(Xn,8n) € E X T[§n—1} =P{(Xy, 1) € E x| X;1} =fEP(x,dy)(=‘2(y, )

for some family of probability measures {@(x,I"):x € S,I" € R}, where R de-
notes the Borel o-algebra on R and §, = o{Xo, ..., X», &1, ..., & }. Thus, with
a slight abuse of notation, we may write &, = f,(X,), where {f,(x):x € S,n =
1,2, ...} is a family of independent random variables, also independent of {X,},
whose elements have, for fixed x, a common distribution function. But then
{(Xy, &)} is itself a Markov chain, which inherits a minorization from {X,}, and
clearly &, = f(X,, &) for the deterministic function f(x, y) = y. In short, the in-
troduction of a random function in (2.7) does not lead to additional generality, at
least in principle, and the previous theorem could also have been phrased at that
level of generality.

REMARK 2.4. A precise representation for the constant C can be ascertained
from the proof in Section 4. Under very weak conditions, it can be shown that this
constant is positive. However, we will not explore the precise conditions here.

2.3. Further remarks on our hypotheses. Before turning to our next result we
would first like to comment, briefly, on the comparison of our approach to some
other methods in the literature.
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An alternative approach would be to replace (H») and (H3) with a weaker Lya-
punov drift condition, namely,

@) /S V(5)e O P(x,dy) < pV(x) + blc(x),

where C is a small set, say, and p < 1. Indeed, we shall actually utilize (H»)
and (H3) together with the inherent eigenvalue and eigenfunction properties of
the chain to deduce

(D) LVoeOPedy <oV vres.

where C = /L h is the small set in (M), and this is roughly equivalent to (®1).
[More precisely, if v = O then either condition may be used to obtain geometric re-
currence; cf. Nummelin (1984), Meyn and Tweedie (1993). It should be remarked
that we will actually establish and apply a condition slightly stronger that (©5).] In
this paper, the deduction of (®;) will be obtained by an indirect argument, which
will constitute an important part of the proof of Theorem 4.2 below.

Nonetheless, (91) could also be viewed as a possible starting point for our re-
sults, and this approach has recently been followed, for example, by Chan and
Lai (2007) and Balaji and Meyn (2000). For countable state space chains Bal-
aji and Meyn (2000) have shown that (1) is equivalent to geometric recurrence
for the v-shifted chain. This v-shifted chain will also appear in our analysis, in Sec-
tion 5, and in Theorem 4.2 we shall develop similar recurrence properties, although
our methods and the exact statement of our results will be quite different. Specif-
ically, instead of geometric recurrence, we shall establish certain related moment
properties. The connection between these two notions will be explained in more
detail in Section 5.

In a comprehensive study, Kontoyiannis and Meyn (2003, 2005) have consid-
ered certain extensions of Balaji and Meyn (2000) to general state space chains.
Specifically, they have developed multiplicative mean ergodic theory and its con-
nection with the multiplicative Poisson equation. These results relate closely to
the existence and characterization of the eigenvalues and eigenfunctions associ-
ated with the kernel P,. We refer the reader to Kontoyiannis and Meyn (2003,
2005), where a survey of some other related results can also be found.

In the context of our examples, it often seems more natural to verify (H»)
and (H3) than a condition such as (®1), assuming that the driving Markov chain
has finite exponential moments around the origin and therefore fits within the
framework typically studied in modern large deviations theory. As mentioned in
the previous section, a sufficient condition for (H) to hold is the finiteness of the
Girtner—FEllis limit, A, in a neighborhood of ¢, and the finiteness of an associ-
ated limit for {S,gh)} in a neighborhood of zero, where necessarily A(r) < oo if
the conclusions of our main results are to hold. While it is often difficult to obtain
closed-form expessions for Girtner—Ellis limits, their finiteness can frequently be
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verified by indirect means. In Example 3.3 below, finiteness is obtained along the
positive axis due to the boundedness from above of the function f; whereas in
this example, it would not be transparent that any function V should satisfy (©1).
(This distinction would be even more striking if the interest process in that exam-
ple were taken to be stochastic.) In any case, our approach exposes an interesting
interplay between the Gértner—Ellis limit of large deviations theory and geomet-
ric recurrence of the kernel Py, and the latter property has important implications
in the large deviations theory for Markov chains; cf. Ney and Nummelin (1987a,
1987b).

2.4. Perpetuities and the GARCH(1, 1) process. A related but simpler prob-
lem to the one considered in Section 2.2 is the study of perpetuities. Assume for
the moment that {(A,, B,):n =1, 2, ...} is an i.i.d. sequence of random variables,
and consider the tail of lim,,_, oo W, where, as before,

(2.21) Wy=B1+A1By+---+(A1---Ap_1)By.

In the context of life insurance mathematics, the sequence {B,} typically de-
notes the future payments from an insurance company to its policy holders (or
vice versa) at times n = 1,2, ..., while {A,} denotes the discount factors associ-
ated with the investment returns, that is, A, = (1 +r,)~', where r, is the return
rate at time n. Here, both the processes {A,} and {B,} are assumed to be random.
Then (A1 ---A,—1)B, denotes the amount of capital which needs to be set aside
to cover payments at time n to the policy holders, and
(2.22) Weo := lim W,

n—oo

represents the company’s total future financial commitment. Under our hypothe-
ses, the a.s. existence of the limit (2.22) follows from Goldie and Maller (2000),
Theorem 2.1.

An analogous mathematical problem arises when characterizing the extremal
behavior of the ARCH(1) and GARCH(1, 1) financial time series models. In the
GARCH(I, 1) model, the logarithmic return of a stock at time n, denoted R}, is
governed by the system of equations

(223) R'=o0,&,  whereo’ =ap+bio’ | +ai(R'_)?, n=1,2,...,

for {£,} an i.i.d. sequence of standard Gaussian random variables, where ag, a;
and by are positive constants. Setting W = onz gives

(224) W;=A,W;_ |+ B,, n=12,..., and Wj=yeR,
where A, = b + aﬁfﬁl and B, = ag. Solving (2.24) yields
(2.25) Wy = (A, ADWi+ (Ap---A2)Bi+ -+ ApBy_1 + By,

which has a similar, although not identical, form to (2.21). Then it is of in-
terest to study the tail of W% :=lim,_,o W,’. [Here we consider the limit in
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law. The existence of the limit distribution is then guaranteed by Goldie and
Maller (2000), Theorem 3.1.] For a more detailed description of the ARCH(1) and
GARCH(1, 1) financial time series models, see, for example, Embrechts, Kliip-
pelberg and Mikosch (1997) or Mikosch (2003). What the random variables W,
and W have in common is that they both satisfy the random recurrence equation

(2.26) vipyav,

where (A, B) £ (A, B)).

It is of theoretical and applied interest to consider (2.21) and (2.25) in a set-
ting where the process {A,} represents a general Markov-dependent sequence of
random variables. Let

U, (u) =P(Woo > ulXo=x} and W'(u)=P{WX > u|Xo=x}.

If we adopt the same assumptions as in Section 2.2, then as a natural variant of
Theorem 2.1 we obtain the following.

THEOREM 2.2. Let {(X,,S,):n=0,1,...} be a Markov-additive process
and let h:S — [0, 00) be a function satisfying conditions (H1)—-(H3) and ().
Then for p-a.a. x,

(2.27) lim "W, (u) =C,
u— oo

wh~ere Ce [0, 00), and ¢ €~(0, 00) is given as in (2.10). Moreover, (2.27) also holds
if Wy (u) is replaced with W (u).

3. Examples. The objective of this section is to relate our theorems and con-
ditions to some standard processes arising in insurance and financial mathematics.

From a mathematical point of view, it should first be noted that if the Markov
chain has finite state space or is uniformly recurrent, then our conditions hold
without further restrictions on the Markov chain. [However, in that setting, the
proofs of our main results could be simplified considerably.] Our primary objective
is to consider the case of general, Harris recurrent chains, and this setting is indeed
realistic from a financial perspective, as the most reasonable models often involve
a more intricate dependence structure than can be described with, say, a finite-state
chain. Nonetheless, we will begin with the finite-state case and first illustrate our
conditions in that context before turning to some more complicated examples.

EXAMPLE 3.1. Assume that an insurance company receives premiums and
incurs claims according to the classical Cramér-Lundberg model described in Sec-
tion 2.1; thus the one-period losses, {B,}, form an i.i.d. sequence of random vari-
ables. Suppose that the company invests its excess capital and that the investment
returns are governed by the standard Black—Scholes model, but modified to allow
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for regime switching. More precisely, assume that the investment returns follow
the stochastic differential equation

1
3.1 d8 =) 8i(widt +0; dWi)lix, i),
i=0

where {X,} is a discrete-time Markov chain taking values in {0, 1}, {W;} is stan-
dard Brownian motion, u; and o; are constants for each i, and it is assumed that the
processes {W;} and {X,} are independent. Here the motivation is that, under dif-
ferent external conditions, represented by “states,” the returns on the investments
change. Integration of (3.1) then yields

_ ’Sn—l

n

3.2) Ap:

=11x,=0 AV + 1ix, =AY,
where

2
(33) AV = exp{—(ui — %) — 0 zn}, {Z,} ~1i.i.d. Normal(0, 1).

Regime-switching models have been introduced, for example, in Hamil-
ton (1989), and have subsequently appeared rather widely in the literature; see, for
example, Hardy (2001). (Such models could also allow for dependence between
the underlying Markov chain and the conditional returns on the investments.)

A slightly more general model than (3.2) would be to assume that {A,} is
modulated by a k-state Markov chain and that the discounted returns, conditional
on {X,}, are independent [but not necessarily dictated by the distribution described
in (3.3)]. Namely, assume

k—1
(3.4) An= lix,= AV,
i=0

where {(A,(qo), e A,(qk_l))} is an i.i.d. sequence of random variables and {X,,} is
a Markov chainon {0, 1, ...,k —1}.

In this setting, it is easy to verify our conditions based on the observation that
a finite-state Markov chain satisfies a condition tantamount to uniform recurrence,
namely,

(R) Svo(E) < P(x, E) <dvy(E) Vx €S, E €4,

for some probability measure vy and certain positive constants 6 and d. There-
fore, as already noted in the discussion following Remark 2.2, we immediately
obtain (H3), and we obtain (M) with k = 1 and C =S, that is, we may choose C
to be the entire state space of the Markov chain. Because (Mg) holds with C =S,
we consequently conclude that (9J7) holds with 2 = 1. Choosing 7 = 1, we see
that a sufficient condition for (Hj) to hold is that A is finite in a neighborhood
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of the set {«: A(x) < 0}, which is a rather weak requirement. Finally, it is well
known that (2.9) holds under (R) [cf. Iscoe, Ney and Nummelin (1985)], and
thus (Hp) holds provided that E; [log A] < 0, where 7 is the stationary measure
of the Markov chain.

The above reasoning also applies in general state space if the underlying Markov
chain is uniformly recurrent, but this reasoning will fail in the absence of uniform
recurrence. Specifically, in that case we will not be able to choose i = 1.

For a discussion of uniformly recurrent chains see, for example, Iscoe, Ney and
Nummelin (1985) and references therein.

EXAMPLE 3.2. Assume again the Cramér—Lundberg model for the insurance
business, but now assume that the discounted logarithmic investment returns are
modeled as an AR(1) process with negative drift; more precisely,

3.5 logA, =X, — i,

where © > 0 and {X,} satisfies (2.15). Then all of our hypotheses hold with
h = | f|, provided that Ap(x) < oo for some o > t. The Markov chain {X,} is
not uniformly recurrent, but the minorization (9)) and other conditions are easily
verified, as follows.

Let P denote the transition kernel of {X,}, and let ®, denote the Normal(x, 1)
density function. For any fixed a > 0, set

D,(y) =inf{®cc(y):|x| <a}= min P (y) VyekR
xe€{—a,a}

Then
(3.6) /ga(y)dygp(x,E) Vxe(feS:|f|<a), E€4.
E

Hence (M) holds with v,(dy) = b®,(y)dy and b € (0, 00) a normalizing con-
stant.

To verify the remaining conditions, first compute the cumulant generating func-
tion,

2,2
3.7) A@) = limsup — log B[e?5"] = —am + %~ Va.
n—oo N 2

where m and o are positive constants. The form of the function on the right-hand
side is obtained by observing that S, :=log A1 + --- 4+ log A, is clearly normally
distributed, and so the computation of the limit in (3.7) reduces to calculating its
limiting normalized mean and variance. Now A is finite everywhere and we have
chosen h = | f|. Consequently the general remarks in Section 2 may be applied to
obtain (H;), (Hy) and (H3).

If {X,} is an AR(p) process with p > 1, then {X,,} is not itself a Markov chain,
but instead we may consider the Markov chain X, = (X;p, ..., Xu(p—1)+1)- The
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Markov chain {X},} does not satisfy the minorization () [since we would need to
take k > 1 in (My)]. However, the chain {X,} does satisfy the minorization (M)
presented in Section 6.2 below, and hence the results of this paper may still be
applied. For further discussion of this case and the verification of our conditions
here, see Section 6.2 below. Finally, if {X,} is a general ARMA(p, g) process,
then a slight modification of our assumptions is necessary, but the basic approach
still applies, in essence; see Section 6.2 for details.

Financial modeling by means of ARMA processes is now quite standard. In an
insurance context, this forms the basis for the so-called Wilkie model; for an intro-
duction in this setting, see Panjer (1998). A general introduction to ARMA models
and their applications can be found, for example, in Box and Jenkins (1976) or
Brockwell and Davis (1991).

EXAMPLE 3.3. Assume once again the Cramér—Lundberg model for the in-
surance business, but assume that the investments are split between a fixed pro-
portion in a stock and bank, respectively. Suppose that the bank investment earns
interest at a constant rate, say r, while the logarithmic stock returns, {R}, are mod-
eled according to a stochastic volatility model, namely R = 0,,&,, where {£,} is an
i.i.d. Gaussian sequence of random variables, and {logoy,} is rather arbitrary and
may, for example, be taken to be an ARMA(p, g) process, independent of {§,}.
Such a choice for {logoy,} is fairly typical, and with this choice, the statistical
properties of {R;'} become mathematically tractable, leading to their popularity as
an alternative to, say, GARCH models. For a futher description of these models
and their statistical properties see, for example, Mikosch (2003) and Davis and
Mikosch (2008a, 2008b). Recent developments can also be found, for example, in
Shephard (2005).

Under the above assumptions,

(3.8) Av=(pA+r)+ (1 —pe®)™"  where R =0,&,,

for some constant p € (0, 1), and thus A,, is deterministically bounded from above,
uniformly in n.

In this example, the Markov chain is {X,} = {(logoy,, &)} < R2, and we may
take h(x) = ||x|| for all x € R?. Note, in particular, that we would nor want to
choose h = | f| since: (i) in order for (¥J1) to be satisfied, we would need # to tend
to infinity when || X, || /' oo; and (ii) in order for (H») to be satisfied, we would
need A to be finite in a neighborhood of zero, but { f(X,)} has heavy tails along
the negative axis. Thus, 4 = | f| is not a suitable choice in this case.

Now, although the Markov chain {(log oy, §,)} is two-dimensional, the analysis
of it simplifies considerably due to the fact that {£,} is i.i.d. and {logo;,} is inde-
pendent of {&,}. Indeed, since E[¢%5!] < oo for all , and since the A-sequence is
deterministically bounded from above, it is actually sufficient to verify (1), (H2)
and (Hz) for the process {logo,} [using that & (x) := ||x|| < |x1| + |x2| in the veri-
fication of (H»), and using (2.14) in place of (2.11) for this verification]. Moreover,
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since {log o, } is assumed to be an AR(1) process, these properties can be obtained
just as in the previous example, while more general ARMA processes may also be
considered, as discussed in Section 6.2 below.

The verification of (Hj) is, however, somewhat more complicated than in the
previous example. Since the function A is actually infinite along the negative axis,
the reasoning leading to (2.10)—which gave the positivity of ¢ in (Hj)—is no
longer applicable. To circumvent this difficulty, introduce the left-truncated sums

S = FM(X1) + -+ FAD(X,),
where fM) (x) = f(x) v—M and M 7 cc.

Then S,EM) > S, for all n and M, and therefore A («) > A(a) for all @ > 0,
where AM) is defined the same way as A, but with { S,SM)} in place of {S,}. Then
E;Lf M)(x)] < 0 for large M, and consequently the reasoning leading to (2.10)
applies to {S,EM)} and yields (@MY (0) < 0, for large M, where exp(—®(M )) is the
convergence parameter associated with {S,(,M)} [as defined in Nummelin (1984),
page 27; see also Section 5 below]. In Proposition 5.1 and Remark 5.1 below, we
will show that under (90), (H,) and (H3), the function ® ™) is convex and

OM (ty) =AM (1) =0,  where tyy =supfa: AM (@) <0).

Therefore, (@™)) (0) <0 = t3 > 0. Since AM > A for all @ > 0, we conse-
quently obtain (Hy).

ExXAMPLE 3.4. Consider a GARCH(1, 1) process with Markov regime
switching, namely,

(3.9) Ri=0,&,  whereo’=ayp+bio? | +ai(R¥*_)* n=1,2,...,

and where (ag, ay, b1) is now viewed as a random vector which will typically os-
cillate between a finite number of states. As before, {&,} is an i.i.d. sequence of
Gaussian random variables. [The following discussion applies equally well for an
ARCH(1) process in place of a GARCH(1, 1) process.] Such models have been
studied rather extensively; for an introduction, see Lange and Rahbek (2008) and
references therein. One motivation for considering this type of dependence is that it
yields some of the statistical properties of long-range dependence. This viewpoint
has been introduced in Mikosch and Stéricad (2004). In any case, it is reasonable to
assume that the parameters (ag, a1, b1) will change over time due, for example, to
external economic factors, and this gives intuitive motivation for the dependence
in (ag, ai, by).

Under Markov regime switching, it is usually assumed that the observed para-
meter values at time n are given by

ay, := (ap(X,), a1(X,), b1(X,)) € R,
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where {X,,} is a k-state Markov chain which is exogeneous and hence unobserved.
Given the transition matrix of the finite-state chain, the extremes of this economet-
ric process can then be analyzed by our methods, just as in Example 3.1.

An interesting variant would be to assume that {X,} is an ARMA process,
driven by certain observed economic factors such as, for example, traded volume
in the market, and then the extremes may be analyzed according to the methods in
Example 3.2. It should be remarked in this example that if both (a1, b1) and ag de-
pend on {X,,}, then one needs a slight modification of the formulation of Section 2,
as will be discussed below in Section 6.1.

To summarize, our conditions hold for a wide class of financial processes, such
as regime-switching models, ARMA models and certain stochastic volatility mod-
els. Here we have developed the connection especially with ARMA models and
with more complicated models which can be constructed from these, but it should
be emphasized that our conditions are actually quite general. Indeed, our primary
assumption is that the underlying Markov chain is light-tailed and therefore satis-
fies the usual moment conditions of modern large deviations theory, and for such
processes, our results hold under very weak regularity conditions. It should, more-
over, be pointed out that the investment process in Example 3.3 is actually not
light-tailed—it is the driving Markovian process which is light-tailed, and for this
reason our conditions can still be verified there.

Finally, we mention that the recurrence equations studied here are also broadly
relevant for a wide class of related processes arising outside of the areas of financial
and insurance mathematics. For some recent results along these lines see, for ex-
ample, Gnedin (2007) or the survey article of Aldous and Bandyopadhyay (2005).
Applications in the direction of computer science can be found, for example, in
Neininger and Riischendorf (2005) and references therein.

4. Proofs of the main theorems.

4.1. Sketch of the proofs. We begin with a brief sketch of the main ideas. Our
starting point is the well-known regeneration lemma of Athreya and Ney (1978)
and Nummelin (1978). This lemma asserts the existence of a sequence of random
times, 1y, 11, 17, . .., such that the blocks

(X1, X121}, i=0,1,...,

are independent for i > 0 and identically distributed for i > 1 (where 7_; = 1).
Thus, in particular, the increments

@.1) St = St -1 = f(Xg )+ o+ [(Xg0)

are independent for i > 0 and identically distributed for i > 1. However, it is not
immediately evident that a similar independence structure should exist for the risk
process

4.2) Wy, =B1+A1By+---+(A1---Ay—1) By,
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which is our primary object of study. In Lemma 4.2 below, we shall show that
(4.3)  Wy=Bo+AoB1+--+ (Ao Ak«_1) B+ + (Ao- - Ag=) Ry,

where {(Ai, éi):i =0,1,...} is an independent sequence of random variables
which, for i > 1, is identically distributed, &R, is a negligible remainder term, and
K*(n) / oo as n — oo. It follows as a consequence of (4.3) that W := sup, W,
“nearly” satisfies the random recurrence equation

(4.4) W = B+ max{M — B, AW}

for some random variable M , Where (A, E’) 4 (f{,-, I§,~) for i > 1. [A more precise
statement will be given in Lemma 4.2.] The random recurrence equation (4.4) is
very similar in form to (1.1), which applied in the i.i.d. case.

In Section 2 we argued that the probability of ruin is given by ¥ (1) :=P{W >
u}. Thus, to determine this probability, we need to find the tail distribution of W.
To this end, we apply a result of Goldie (1991), which states that under appropriate
conditions, (4.4) implies

4.5) ull)ngo u"P{W >u}=D

for certain constants D and 5. Equation (4.5) provides a complete solution to our
problem, but it remains to check that Goldie’s conditions are actually satisfied
and to identify the constant n (which will be shown to equal v in the proof of
Theorem 2.1).

It is, in fact, quite challenging to verify that Goldie’s conditions actually hold.
To do so, we shall need to establish certain moment conditions for the random
variables A, B, M appearing in (4.4); in particular,

E[AY] < oo, E[|B|*] <oo and E[|M|%] < oo
(4.6)
for some o > t;

see Theorem 4.2 below. The simplest of these studies A 4 expla(St,—1—S7,_)}
cf. (4.1). After a change of measure it can be shown that, roughly speaking,

4.7) E[AY] ~ EQ[efTi=Ti-1)] for some ¢ > 0,

for an «-shifted kernel Q, and thus we see that such moment conditions are closely
related to geometric recurrence for the «-shifted chain. The random variables |]§ |
and |M|* are more complicated, but can be handled by somewhat similar tech-
niques.

We now proceed more formally.
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4.2. Formal proofs of Theorems 2.1 and 2.2. We begin with a precise state-
ment of the regeneration lemma, first established by Athreya and Ney (1978) and

Nummelin (1978). Here and in the following, set 7_; = 1 and let © 4 T, — T,
(i > 1) denote a typical regeneration time.

LEMMA 4.1.  Assume (Mo) holds with k = 1. Then there exists a sequence of
random times, 0 < Ty < T} < - - -, such that:

4) To, Ty — To, T, — Ty, . .. are finite a.s. and mutually independent;
(i1) the sequence {T; — T;—1:i=1,2,...}isi.id.;
(ii1) the random blocks {Xt,_,, ..., X1,_1} are independent,i =0, 1, ...;
(iv) P{X7, € EIS1,—1} =V(E), forall E € 8.

REMARK 4.1. The regeneration times {7;}; >0 of Lemma 4.1 can be related to
the return times of {X,} to the set C in (M), as follows. First introduce an aug-
mented chain {(X,, Y,,)}, where {Y;, :n =0, 1, .. .} is ani.i.d. sequence of Bernoulli
random variables, independent of {X,}, with P{Y,, = 1} =4, where § € (0, 1] is
given as in (Mp). Then 7; — 1 can be identified as the (i 4+ 1)th return time of
{(Xy, Yn)} to the set C x {1}. At the subsequent time, 7;, the random variable X7;
has the distribution v given in (M), independent of the past history of the Markov
chain.

To apply the lemma in the context of our problem, assume now that (M) holds,
and let Ty, 71, ... denote the resulting regeneration times. Then define the follow-
ing random quantities formed over the independent random blocks of the previous
lemma:

Ai=Arp_ ---Ar_i,  i=0,1,...;
Bi=Br_, +Ar_Br_ 41+ +(Ar_ - A1,_2)Br,_1, i=0,1,...;
M; =sup{Br,_, + A7, Br,_ 11+

+(Ar_,--Aj_DBj: T <j<T), i=0,1,....

By Lemma 4.1, {(Al, B,, M ):i=1,2,...}isaniid. sequence of random vectors
which is also independent of (Ao, Bo, Mo)

Our objective is to study the tail behavior of the random variable W defined
in Section 2.1. Let W™ be defined in the same as W, but under the assumption
that 7o = 1, that is, under the assumption that regeneration occurs at time one.
Algo lgt (%, l§, M) 4 (Al, l§1, Ml), and assume that (A, é, M) is independent of
{(A,', Bl‘, M,')Zi :0, 1, .. }

We begin by establishing the following.

_ LEMMA 4.2, WRL B+ max{M — B, AW®) and W £ By + max{M, —
Bo, A()Wm}.



1424 J.F. COLLAMORE

PROOF. Forn > 1, set
K*=K*(n):=inf{i: T; > n} — 1.
Then for any n > 1,
Wy,=(Bi+AiBa+---+ (A1 A1y—2) Bry—1)
+ (A1 Apy—1)(Bry + -+ (Agy - - A1, —2) B, —1)
ot (At A 0D (Brgu_, + -+ + (Argu_, - AT —2) BTy —1)
+ (A1 A1~ 1) (Brygs + -+ + (AT - Au1) Bn).
Hence
(4.8)  Wy=Bo+AoBi+---+ (Ag--- Ax—1) B + (Ao Ag») R,
where
Rn 1= Brys + ATy By 1 + - + (Args -+~ Ap—1) By
Note that this last definition and the definition of M; imply
Mi=sup{<ﬂn:7}_1§n<7}} foralli =0,1,....

Hence by (4.8),
4.9) W :=supW, =supV;,
n>1 i>0
where
1{;10, oo i=0;
v, .= | Bo+AoM;, 5 5 5 =1
l Bo+ AoBi+ -+ (Ag- -+ Aj—2)Bi—j
+ (Ao Ai—)M;, i=2,3,....
Moreover, by a repetition of the same argument,
(4.10) wh = sup Vi(l),
i>0

where Vi(l) is defined the same as V;, but with all subscripts increased by a factor

of one, so that Vo(l) = Ml, and so on.
Next observe that

W =supV; := Sup{M(), é() + A()M], éo + Aoé] + Av()f\{ﬂ\vlz, .

i>0
“4.11) :1§0+sup{M0—é0, AV()Ml,AV()(él —i—Ale),‘..}
= é() + max{Mo — éo, A()W(l)},
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where
w ::sup{M-,éj +Aj]\v4j+1,éj +Aj1\;1j+1 —i—zijAvj_*_lj‘vlj-i-Z,-..}i wh
Vj>1.

This establishes the second assertion of the lemma. For the first assertion, note by
a repetition of (4.11) that

Wh = sup Vi(l) =B +max{M1 — By, AlW(z)}

i=0
ié+max{M—é,AWm}. O
Set
(4.12) n = sup{a : log E[A%] < 0}.

Now under our basic assumptions on {A,}, log A is nonarithmetic. Hence by com-
bining Lemma 4.2 with Theorem 6.2 of Goldie (1991), we obtain:

THEOREM 4.1. Suppose n > 0 and E[AY] < oo for some o > 1. Further as-
sume

(4.13) E[|B|"] <oco and E[|M — B|"] < cc.
Then
(4.14) lim u"P{W% > u} =D,

u—0o0

where D € [0, 00) is given by
1 v v v v v
(415) D= —FE[((B+max{M — B, AW")T)" — (AW ")
nm
and m :=E[A" log Al.

To apply the above result, we first need to develop some properties loosely re-
lated to geometric v-recurrence, which describe the moments associated with A,
B and M.

THEOREM 4.2. Assume that M), (Hy) and (H3) are satisfied. Then for suffi-
ciently large a > 0, there exists an o > ¢ such that
(4.16) E[A%] < oo, E[|B|*] <oco and E[|M|*] < oo
and for a.a. x €S,

(4.17)  E.[A%] < oo, E.[|Bo|%l <00 and E[|Mo|¥] < oo.
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The proof of Theorem 4.2 is not straightforward and poses a main mathematical
obstacle for our approach. This proof will be given below in Section 5. We now
proceed directly to the proofs of Theorems 2.1 and 2.2.

PROOF OF THEOREM 2.1. First assume t = 5, where 7 is defined as in (4.12).
By Theorem 4.2, the conditions of Theorem 4.1 are then satisfied; and hence
by (4.14) we obtain

(4.18) lim u'P(W" > u}=D as u — 00,
u— 00

where D < 00 is given as in (4.15).
Since E[AY] < oo, some « > t, it follows by (4.18) and a result of Breiman
(1965) that

(4.19) lim u'P{AgW” > u} = DE[A]]  asu — oo.
u— o0

Also, by Theorem 4.2 and an application of Chebyshev’s inequality,

(4.20) P{By>u}<Du® and P{Mo— By>u}<Dou"*,

where o > v and Dj, D, are finite constants. Moreover by Lemma 4.2,

4.21) W <L By + max{Mo — By, AgW™).

Hence

(4.22) lim u'P{W > u} = DE[A}]  asu— oo,
u— oo

which establishes (2.20).

It remains to show that v = 1. Suppose false. Let (6 ()~ ! denote the conver-
gence parameter of the kernel ISa in (2.8), and let ® = log#. [For the definition,
see Nummelin (1984), page 27.] Then it is well known that ®(«x) < A(w); cf.
Proposition 5.1(ii) below. Hence

(4.23) t=sup{o: A(x) <0} <sup{a:0(x) <0}.
Moreover, it follows from Nummelin [(1984), Proposition 4.7(ii)] that

(4.24) By, [e*50@] < 1,

where © 4 T; — T;—; and S 4 St.—1 — S1,_,—1 for i > 1. [See Ney and Num-
melin (1987a), Section 4, and Proposition 5.1(iv) below for closely related results. ]
It follows as a consequence of (4.24) that

(4.25) O() <0 = Il(x):= E[e“g] <1

and therefore by (4.23), vt < n. Hence, if v # 7, then we must have v < o < 5 for
some «.



RANDOM RECURRENCE EQUATIONS AND RUIN 1427

Now assume that this is the case, and choose « € (t, ). Set

Li=sup{S; —S1,_,:Ti-1 < j <T;}, i=0,1,...

(where T_1 :=1), and set L 4 L; fori > 1. By taking {By, B>, ...} ={1,1,...}in
Theorem 4.2, we obtain that for sufficiently small o > v,

(4.26) E[e*F] < o0, E[e*l0) <00 and E[e*S0-1]:=E[AY] < oo.

Then by the independence of the regeneration cycles [cf. Lemma 4.1],

o
E[e®Sh] < E|:eotLo + Zexp{a(STHq + L,-)}j|
=1
4.27) ’ .
<E[e*X0] + E[¢*“E[e** 0] Y " E[e*S] < oo,
i=0
where the last step follows since @« < n = I1(«) < 1, by the strict convexity
of I1. By (4.27) and the definition of A, we conclude that A(x) <0, thatis, @ <,
a contradiction. Therefore t =7n. O

PROOF OF THEOREM 2.2. The proof is very similar to that of Theorem 2.1,
but easier, so we only sketch the details. The main modification is in Lemma 4.2.
In particular, we need to develop analogous random recurrence equations for W,
and WZ,.

Let {(Ai, éi, Mi) :i =0,1,...} be defined as in the discussion prior to
Lemma 4.2, and recall from the proof of Lemma 4.2 [cf. (4.8)] that

(428) W, =Bo+AoBi +---+ (Ap--- Axs_1)Bi+ + (Ag--- Ag+) Ry,

where K* :=inf{i : T; > n} — 1.

Observe that Wy, := lim,, oo W), exists a.s. by Theorem 2.1 of Goldie and
Maller (2000) and Theorem 4.2 above. Moreover, since K* — oo a.s. as n — 00,
the last term in (4.28) converges to zero a.s. as n — 0o. Hence

(4.29) Wao £ By + AW,

where Wé’g is defined the same as Wy, except that now Tp = 1, so that regener-
ation occurs at the initial time. Furthermore, a repetition of the argument leading
to (4.29) yields

(4.30) w2 LBy AwD,

where (A, lv?) 4 (fL-, B,-),i > 1; cf. the proof of Lemma 4.2. The last equation
is a random recurrence equation, which can be analyzed using Goldie’s (1991)
Theorem 4.1. First note by Theorem 4.2 that the moment conditions in Goldie’s
theorem are satisfied. The required result then follows from (4.29), (4.30) and
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Goldie (1991), Theorem 4.1. [Specifically, by employing (4.29), (4.30) in place
of Lemma 4.2 above, and by employing Goldie’s Theorem 4.1 in place of his The-
orem 6.2, and then reasoning as in the proof of Theorem 2.1, the desired limit
result is obtained. ]

For the process {W, '}, define {A,-} as before, and let

él* =An-1-- A +0)Br,_ +--+Ar,_1 B2+ B, Vi >0,
M} =sup{(A;—1- AjrDIBjl+ -+ B T < j<T;}  Vix0.

[Note that the definition of lé;“ differs from that of éi, because a given element By,
is now multiplied by (A, --- Az;_1) rather than by (Ar,_, ---A,—1).]
Let Z} := W;i_l denote the value of {W} at its (i + 1)th regeneration time
(i=0,1,...). Since
Wy =B,+ AW, _,, n=1,2,...,
it follows after a short argument that
(4.31) ZF=B+ Az, i=12 ...

First consider Z}, :=1im;_, o Z*. By Theorem 3.1 of Goldie and Maller (2000)
and Theorem 4.2 above, the limit exists a.s., and by (4.31), it satisfies the recur-
rence equation

(4.32) z:, LB+ A7k,
where (A, B¥) £ (A;, B) for i > 1. Then by (4.32) and Goldie [(1991), Theo-
rem 4.1],
(4.33) P{Z >u}~Cu™"  asu— o0
for some constant C < co. As before, the required moment conditions are verified
using Theorem 4.2.

It remains to show that lim,_, oo W,y = lim; . Z;. To this end, let L(n) :=

inf{i : T; > n} denote the first regeneration time after time n. Then, for example,
the term “B,” forms a part of the sum Bz(n), and the discrepency of W)* from

ZZ(n) is bounded by M L(n)- More precisely,
(4.34) Z5 oy = Miy < Wi < Zf gy + Mi

By a minor variant of Theorem 4.2, M* is asymptotically negligible compared
with lim, o0 Z7 ). Consequently W5, = Z5,. [

5. Proof of Theorem 4.2 and some related regularity results.

5.1. Notation and preliminary remarks. In the following discussion, it will
always be assumed that the minorization (M) holds for a given parameter a > 0.
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First we introduce some additional notation. For any kernel K, let
I%a(x,E):/Ee“f(y)K(x,dy) Vo € R,
and let

ka(x,E)zf S ONHBR K (x dy) Ve = (a, B) € R%.
E

Let (6(«))~! denote the convergence parameter of P [as defined in Num-
melin (1984), page 27], and let (0 (at))™ I denote the convergence parameter of P
Let O(a) =logf(x) and O(a) =logh(a), for all @ = (¢, B) € R2. [We will re-
peatedly use the notation & = («, 8) and generally do this without stating so ex-
plicitly.]

Below, we will often need to work with a perturbed kernel, namely,

PO (x,E):=P(x,E)+ev,(E) VEcS, >0,

where v, is given as in (). In this connection, let PO BE 9© 9© @@ and
©® be defined the same as Py, Py and so on, but with P replaced everywhere in
these definitions with P(®).

For each x € S, set

o0
rO ) = (09@) 7" (B — 8alegh ® D) 80l (x)
n=0

and

o
r () =Y (09@) " (B — 8l ® D) Sal e, (x),
n=0

where, for arbitrary g:S — Rand u: 48 — R:

g@un, E) = gmu(E);,  A(E) = /E Oy (dy);

,&(a)(E)Z/Eeaf(y)Jrﬂh(y)M(dy)_
In the special case that & = 0, we shall simply write r,, Iy in place of r( ), rfxo).
The functlon r() is known to be (9(8)(05)) !_subinvariant with respect to
the kernel Pa, and moreover to be (68 («))~!-invariant in the case that Pa 18
(0® (o))~ !-recurrent; see Nummelin (1984), Theorem 5.1 and its proof [and the
proof of Proposition 5.1(iv) below]. Likewise, the function r( # is known to be
(0® (o))~ !-subinvariant with respect to the kernel Py, and to be (0@ (o))~ !-

invariant in the case that ﬁa is (0 (8)(a))_1—recurrent.
Let

1
A® (@) = limsup — log(P(g)) x,S) Vo € R?,

n—oo



1430 J.F. COLLAMORE

where x is the initial state of the Markov chain. [If we replace P©) with P in this
definition, then the right-hand side reduces to the Gértner—Ellis limit, A, which
was introduced in Section 2.]

Finally, in the proofs below we will make use of the “shifted” kernel

eaf(y)r(g)( )
Y By i= [ S PO ay).
EQ© (a)ra” (x)

Under the minorization (M), observe that the kernel Q((f) itself satisfies a mi-

norization, namely,

(Mo) gOuE(E)< Q¥ (x,E)  VxeS, Ec3,
where
©) (1) ( B )) AL
8 X)=\——7———F 1, X =
¢ 6@ ()r (x) 2

1 .
W (B) = /E OO ()1, (dy)

and B is a normalizing constant chosen so that Mff) is a probability measure. After

a truncation of v, as described above in Remark 2.1, the integral in the definition
of /,L((f) will always be finite and hence 0 < B < o0.

5.2. Some regularity properties. In the next two propositions, we collect var-
ious regularity properties which will be needed in Section 5.3. After reading the
statement of the propositions, the reader may want to proceed directly to Sec-
tion 5.3—which contains the core results of this part of the paper—and refer back
to the present section as necessary.

In the following discussion, set inf{@} = co and let ® 5, D and Dg denote
the domains of A, A and O, respectively. [To be entirely precise, & € D s means
that A(a) < oo for g-a.a. initial states x, cf. part (i) of the next proposition; and
our main results will be valid away from an appropriate set of measure zero.]

We remark that in (i)—(iii) of the following proposition, we develop properties
of A® (), ®® (a), etc., but the same properties hold also for A (o), O (),
etc., as can be seen by setting & = (o, 0) and observing that A® (@) = A® (),
0 (a) = ®©®(x), and so on.

PROPOSITION 5.1. Assume (M). Then:
(1) Forany a € Dy,
5.1 Al) =A,, (o), p-a.a. x,
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where A,, denotes the same limiting quantity as A, but conditioned on regener-
ation at time zero. Thus, A is independent of its initial state. Moreover for all
N >1,

_ 1 (h
5.2) Ay (a) ;= sup ;logEf)i)[eo‘S”ﬁS" )] <0 Yo € Dy,
n>N

where IEI()? [-]1 denotes that regeneration occurs at time one.

(ii) The function ®® is convex, and @ (a) < A® () for all @ € D and
e>0.

(iii) For any o € Dy,

(5.3) lim A® (@) = A(a).

(iv) If ¢ € Dp and € > 0, then Q((f) is either a subprobability or probability
measure. Moreover, if POE” is (6(a)) " -recurrent, then ng) is actually a probabil-
ity measure.

PROOF. (i) Let A > 0, and set
Fa={x€S:Ac(@) = Ay, (@) + A,

where A, denotes—now explicitly—that we are conditioning on the Markov chain
starting in state x. Also, set

pm(E)=E, [*5):. X, e E] VmeZy, E¢€S8,

where S, = (S, S{).
Note that
(54) E,, [ @S] = R, [e®5n); X, € Fa] inf Ey[e!®5].

- xeFp

Hence it follows from the definitions of Fa and {u,,} that
o1

(5.5) Ay, (o) > liminf —log um (Fa) + (A, (&) + A).
n—-oo n

Since p,, (Fa) obviously does not depend on 7, this last equation is only possible if
Um (Fa) = 0 for all m. Consequently, P{X,, € Fao}=0for all m. Since p(Fp) >0
would imply that {X,,} would visit Fo with positive probability over a regenera-
tion cycle [Athreya and Ney (1978), Section 6], we conclude that ¢ (Fa) = 0. Since
the last equality holds for any A > 0, it now follows from the definition of Fa that
Ax(a) <A, (a) for p-a.a. x.

Conversely, if &, denotes the event that regeneration occurs at time m, then

(5.6) E,[e/®Snn)] > B, [e®S); g, R, [ 5].

If m is chosen such that IP{§,,} > O, then E, [el®Sn). & 1> 0. Hence it follows
upon taking lim sup,Hoon_1 log(-) in (5.6) that A () > A, (o).
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It remains to study (5.2). Taking limsup,,_, o, m~'log(-) on the left- and right-
hand sides of (5.6), where &,, now denotes the event that X,, € L£,h [the “small
set” in (M)], yields

. 1
(5.7 Ala) > O(a) + mh—>moo — 10g]E$)i) [e<(¥,Sn>]’

where the first term on the right-hand side was obtained from the definition of the
convergence parameter [cf. Nummelin (1984), page 27. On the right-hand side,
we have also used the fact that regeneration occurs with probability §, upon each
return to £/, independent of the prior evolution of the chain].

Now the term on the left-hand side of (5.7) is finite, by assumption; while the
first term on the right-hand side is greater than —oo, by Nummelin (1984), Theo-
rem 3.2. Since the second term on the right (but inside the limit) does not depend
on m, we conclude that it must also be finite, that is,

(5.8) ED[e®S] <00 VneZy, acDy.

Va

Furthermore, for any o € D4, it follows by Remark 2.1 (and the fact that we have
just shown A = A,) that

(5.9) lim sup — logE(l)[ «, S”>] = A(a) < oo.

n—oo N

[After truncation of v,, as described in Remark 2.1, we have suppv, C L2 N
£y f, where max{a, b} < oo, and hence e/*S!) is deterministically bounded,
meaning that the superscript “(1)” may be removed when taking the limit on the
left-hand side of (5.9).] Hence, the terms inside the limit in (5.9) are all finite and,
in the limit, they converge to a finite constant. Consequently, (5.2) follows from
(5.8) and (5.9).

(i) The convexity of 0 is obtained as in Iscoe, Ney and Nummelin (1985),
Lemma 3.4. For further details, see Collamore (2002), Lemma 4.2.

To see that 9(81 < A® note that the minorization (M) implies a corresponding
minorization for P,, namely,

(M) 8al e, n(X)DP(E) < Py(x, E)  VxeS, E€8.

Then by the definition of the convergence parameter [Nummelin (1984), page 27]
and Proposition 3.4 of Nummelin (1984), we see that (@(8)(05))_1 is the radius of
convergence of the power series

Z Y0l (P (Lah)
(since L, h is a “small set”). But (A(g) (e))~! is the radius of convergence of
Z yn A(a) (8) (S).

Hence L,h €S = 0¥ (a) < A(g)(oc).
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(iii) First observe [following the proof in Collamore (2002), Theorem 3.1] that

£ () 1= / 5@ (dx) (D) (x,S)
(5.10) S
= Y[ O@a s e sy IO ),
SV!

(@i15memrin—1)€l

where J© = ¢p,, JD = 13“ and I consists of all elements of the form (i, ...,
in—1)such thati; € {0,1}, j=1,...,n — 1. What needs to be shown is that

1
(5.11) A (@) := limsup — log £ () — A, () as e — 0.
“ n—oo N

[The required result then follows from (5.11), since by (i) we have A (o) = A, (),
and a repetition of the same argument also gives A® () = Al(;z) ().]
Let

logby = N{A1(@) —Ay(@)}  VN=>1,
where Ay is defined as in (5.2). Setting o (at) = exp Ay (), then by definition
(@) \"
ON (Ol)) '

Note that if & € D 4, then it follows by (5.2) that by < oo forall N. Fix N € Z4
and consider the products on the right-hand side of (5.10). Note that

e (dxy) (JV (x1, dxa) - - T (xp_1, dxy)),

(5.12) bN=(

consists of a product of blocks which each have the form
896&“)(dxj)(ﬁa(xj,dxj+1) e ﬁa(xj+1_1,dxj+1)) where j > 1and /> 0.

(When [ = 0, it is understood that the product involving the Py terms is empty.
Also, the leading “e” term only appears for j > 1.) Now the total number of blocks
is k, where k is the cardinality of {j:i; =0,1 < j < n} + 1. Moreover for each
block,

[, 9 (Pt i) Papiaon. )
(5.13)
=}, [e 4] < (o141 (e0)

where the last step follows from (5.2) and the definition of o; given just prior
to (5.12). Now by definition, o7(e) is decreasing in [ for any fixed «. Hence if
[+ 1> N then o741(a) <opn(a), while if / + 1 < N then o741 («) < o1(e), and
hence

(o111 @) < by (on (@) !
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by (5.12). Substituting these estimates into (5.13) yields

(5.14) /S L O dx ) (Pa (g dxjsn) - Pa(xjsim1.dxj40) < by (on (@)™

If the total number of such blocks attached to a given (iy, ..., i,—1) € I is denoted
by k, then we obtain for each individual integral on the right-hand side of (5.10)
that

[, 940 g ) 7D G )
(5.15) el . L
< eF 1 (byow (@) (on @),

Summing over all (i1, ..., i,—1) €I, it follows from (5.10) and (5.15) that

(e) 1 n
(5.16) £ (a) < g(a,v(oe) + ebyon(@))".
Hence
1
(5.17) limsup — log £ () < log(on () (1 4 by)).
n—»oo N

Now let ¢ — 0 and then N — oo. Note that
logoy(a) = [\N(a) — Ay, (o) as N — oo.

Consequently (5.11) follows from (5.17).
(iv) This is a variant of Nummelin (1984), Theorem 5.1. First set y =
0© (@)~ !, and set

o0
K = y(ﬁés) — 8,1 ®D®) and G= Z K"
n=0
Then Proposition 2.1 of Nummelin (1984) gives that G = I 4+ KX G, and thus
(5.18)  ¥G8alyn = y8alsgn + (B — 8l yn ® D) Gl .
The first term on the left-hand side is
w A
(5.19)  yGdpp=Y y" T PP —8.1p,n @ D) Salpgn =1L
n=0

This equivalence also identifies the middle term on the right-hand side of (5.18);
namely,

(5.20) Y2 PO Gy =y BOrS).
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Moreover, the last term on the right-hand side of (5.18) is
Y2 (Bale,n ® 5)G8ul £,n

(5.21) =y8als,n {Zy” @ (B — 81,8 ® 0)' ™ 8012,

=y8ale,n, if POSS’ is y-recurrent,

<y8ale,n, if 13056) is y-transient,
where the final step was obtained from Nummelin (1984), Proposition 4.7. [In
Nummelin’s notation, the quantity in brackets is identified as b(y), which is equal

to one in the y-recurrent case and is less than one in the y-transient case.] Substi-
tuting (5.19), (5.20) and (5.21) into (5.18) yields

(5.22) r(ff) = yﬁogs)rég), if IA’OES) is y-recurrent,

and

(5.23) r® sy pEE) if P(®) is y-transient.

Hence, & is y-invariant when P is y -recurrent and y -subinvariant when P.*’

is y-transient. Moreover, after rearranging terms in (5.22) and (5.23), we obtain
by definition that

Q(S)(x S) 1= Y (Pa By (8))()5) {_ 1, if 13058) is y-recurrent,

& (x) <1, if P is y-transient.

Hence, Q((f) is a probability kernel in the y-recurrent case and a subprobability
measure in the y-transient case. [

REMARK 5.1. In Proposition 5.1(ii), it has just been observed that
@) <Ax)=0 Va,

but the reverse inequality need not be true, in general. However, under (91), (Hy)
and (H3), it can be shown that

(5.24) Of)=0=A().

This last equation can be obtained as a consequence of Theorem 4.2 and the proof
of Theorem 2.1.

To establish (5.24) based on the aforementioned results, first note that A is
convex [by Holder’s inequality] and finite in a neighborhood of ¢ [by (H»), since
A((a, B)) is nondecreasing in B]. Consequently A is continuous at t. The defini-
tion of t then implies that A (t) = 0; thus, it is sufficient to show that ® (t) =

To this end, note that in the proof of Theorem 2.1, we have shown that

t=1n:=sup{a :logEva[eo‘g] <0} where S 4 St,—1 —St,_,—1 fori > 1.



1436 J.F. COLLAMORE

Let
t=sup{a:O(x) <0}.

Now if t > t, then for any o € (t, ) we would have ®(«) < 0 [since © is convex
and ¢ < t],and E, [¢®5] > 1 [since « > t]. Hence

(5.25) E,,[¢25-79@] > E, [¢*5] > 1

and this is a contradiction to (4.24). We conclude that t < t, which means that
O(x) >0foralla >t. Now ® < A, and so (Hy) = t € int® . Since a convex
function is continuous on the interior of its domain, it follows that ® is continuous
at t. Moreover, as we have observed, ®(t) <0, and ®(«) > 0 for all @ > t. By
continuity, we conclude that ® (r) = 0, thus establishing (5.24).

PROPOSITION 5.2.  Suppose that (M) and (H3) are satisfied, and suppose that
there exist B > 0 and & > 0 such that (r, ) € int®D , ). Then:

(1) The functions ro(f) and r,(,f) are uniformly bounded from above on JLjh.

Moreover, there exists a sequence {(a;, €;)}jez,, where (aj, &) \ (v,0) as j —
00, and the sequence {a;} := {(a;, B)}, such that if

Cj:= sup réij)(x) and Dj:= sup r‘(,fj")(x) vj,
xeLyh xeLyh

then {Cj}jez, and {Dj}jez., are bounded from above by finite constants.
(i1) The functions rés) and r,(f) are uniformly positive on S. Furthermore, if
{(aj,ej)} and {a;} are given as in (i) and
5 . (&)) ~ . (&) .
Ci:= inf ry) (x) and D;:= inf ry! (x Vi,
I caLn x) I xedah *x) J
then, possibly after passing to a subsequence, we have that {éj} jez, and

(D i}jez, are bounded from below by positive constants.

PROOF. (i) Without loss of generality, we may assume that the constant D,
in (H3) is greater than or equal to one.
For any x € L,/ and E € 4§, it follows from (H3) that

l
(526) P®(x,E)= fE TP (x,dy) +ed*(E) < Dy Y P (x;, E),
i=1

where x; € E; for all i. Consequently, for any x € L/,

Kx,E):=(P® — 8,12, 0% (x, E)
(5.27)

1
<D,y K(xi, E) + (Dal — 1)8,0\"(E).

i=I
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Hence forall x € L, hand n > 1,

l
(Da > K (xi,dy) + (Dol — 1)5aa§;">(dy)> X"y, E)

i=1

JC”(x,E)ff
y

(5.28) l

=Dy Y K"(xi, E) + (Dal — )8, (0 K"~ (E).
i=l1

It follows from (5.28) and the definition of r(gf) that, for any x € L A,

o0

) =3 (09 @) " (K" 8ulen) (x)
(5.29) =0

D, —1
9(8)((1) ’

l
< Da ) r (i) +
i=1
where, in the last step, the second quantity on the right-hand side was obtained
from Nummelin (1984), Proposition 4.7(ii). Thus r(gf) is bounded from above on
Lgh, provided that the quantity on the right-hand side is finite. But réf) is neces-
sarily finite g-a.s. [Nummelin (1984), Proposition 5.1]. Since the E;-sets in (H3)
are p-positive, we may then choose xy, ..., x; such that réf) (x;) 1s finite for each i.
To establish uniform boundedness along a sequence {(aj,¢;)}, where (a;,
€;) N\ (r,0) as j — oo, set
— Tlimi (&)
(5.30) qi1(x) = (aljsl)n\}g’fo) o (X) Vx €8,
where the limit is taken along the straight-line path joining (tr,0) to some point
(&, &) witha@ >tand € > 0.
We begin by identifying the limit of ®©®) () as (a, £) \{ (t, 0). It follows im-
mediately from the definition of ©® that ©©) () > O () for all («, &); and hence

(5.31)  liminf @ () > 1limO(@)=O@() > —00  Va, Ve > 0,
(or,8)\y(x,0) a\t

where the last two inequalities follow from Theorem 3.2 of Nummelin (1984) and
the convexity of ®. Moreover, it follows by Proposition 5.1 that

(5.32) OO @) < AP @) \(Ax)  as(a, &)\ (x,0);

and from the definition of t, we also have that A (r) < 0. [In the last step of (5.32),
we have used the fact that A is convex, which follows from an application of
Holder’s inequality, and we have used our assumption that (¢, 0) € int® 4, which
implies that ¢ € int® 5 .] From (5.31) and (5.32) we conclude that

5.33 liminf 6© (@) =ac @(v), 1].
(5.33) Jiminf () 0(v), 1]
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Recalling the definition of ¢ in (5.30), now apply Fatou’s lemma to the equation
[/ OrO PO dy) <0 @) )
to obtain

(5.34) fS Vg1 (0 Px, dy) < g1 (x).

Thus ¢ is a subinvariant function for the kernel ISt. Also, by Nummelin (1984),
Proposition 5.1, the set {x:q(x) < oo} is full; hence, either g; < oo g-a.s. or
q1 = Q.

To see that the latter is not the case, observe by the definition of r,gf) and Propo-
sition 4.7(ii) of Nummelin (1984) that

/ & (x)p (dx) < 1.
S

Applying Fatou’s lemma to this equation yields

(5.35) [amiPan<1.

Consequently g1 = oo.
Hence, if E| is given as in (H3), then

(5.36) (aligr)n \jﬁfo) ri(x1) == q1(x1) < 00, p-a.a.x; € Ej.

Therefore, for any given x; € E1, there exists a subsequence {(a;, 8;-)} jez, such
that

(%)
(5.37) supr,,” (x1) < o0.
j J

Next, repeat the same argument but with
N )
¢2(x) :=liminfr " (x)
j—o00 o

in place of g1, to establish the existence of an element x, € E> and a subsequence
{(oz;./, 8;./)} C {(a}, s;)} such that

(e
(5.38) supr /" (x3) < 00.
i
Continuing in this manner, we obtain elements x; € E;, i = 1,...,/, and a se-

quence {(aj, £;)} where (o, £;) N\ (v, 0) as j — 00, such that

(5.39) supre? (x)) <o, i=1,...,L
P
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Substituting this expression and (5.33) into (5.29) yields that for some positive
integer Jy,

. ; 1
sup ré,gi’)(x) < Dal<supr()(,i’)(xi) + —) Vx € Lyh.
jzJo Lj o a
Since the quantity on the right-hand side is independent of x € L,/ and j > Jp,
we conclude that {C}} >, is bounded.

The proof of these properties for the function r‘(f) is essentially the same. The
main modification arises in the definition of ¢, which is now replaced with

@1 (x) :==liminfry” (x),

where {(«;, €;)} is given as above. The previous argument may then be repeated
to obtain successive subsequences corresponding to functions qp, q2,.... (The
choice of the elements x; € E; may, of course, be different in this case.) As be-
fore, we obtain boundedness for the sequence {D,}, but now along a subseqence
{(aj,,€j)) of {(aj, &)} Thus (i) holds.

(i1) To show that ro(f) is uniformly positive, note by definition that
PO (x,E)> 8/ e Dy, (dy) = eﬁéa)(E).
E

Since réf) is (0® (@)~ !-subinvariant with respect to the kernel Iso(f), it follows

that

O @) = (0 @) / rO 3PS (x, dy)
S
(5.40)
> (9(8)(04))_18/Sr§f) ()0 (dy) = const. > 0,

where the last inequality was obtained from the positivity of réf). Hence réf) is
uniformly positive.

To establish the uniform positivity of {C ;j}, note by the definition of r$ and the
definition of X [in (5.27)] that

£ - & —n— n 801£”h(x)
G4 P =Y 0% @)X Salea) () 2 =5 ™

n=0
Since liminfjﬁooe(sf')(aj) =a € (6(v), 1] [by (5.33)], it follows that for some
positive integer J; > Jo,

A 5
(5.42) inf ré () =2250  VxedLyh
izn 2a

Hence—possibly after redefining the sequence {(«, €;)} so that (ay,, &/,) is actu-

ally the initial term of this sequence—we obtain that {® i} is bounded from below
by a positive constant.
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The same reasoning shows that the sequence (D i} 18 likewise bounded from
below by a positive constant. [

5.3. Proof of Theorem 4.2. The proof will be based on two lemmas. To mo-
tivate the first of these lemmas, recall that a Markov chain is geometric recurrent
if

(%) sup E,[p"] < o0 for some p > 1,

xeLyh
where t is a typical regeneration time. To establish (§), one usually begins by
showing that ($) holds under the additional assumption that there exists an atom,
namely,

() sup E¢[p*] < o0 for some p > 1,
xeLyh

where T denotes the first return time of the chain to its regeneration set, that is,
T:=inf{n: X, € L h}.

Let Qy, 1y be defined as ((f), ro(f) but with ¢ = 0; cf. Section 5.1. Then the goal
of our first lemma will be to establish (4) for the shifted kernel Q,; that is,

[pTeOlSQ—T@(a)ra(XQ)] B
rq(Xo) ’

where E€[-] denotes the expectation under the measure Q, (and for this heuristical
discussion, we assume that Q, is indeed a probability measure). Since ® () N\
O(r) ~ 0 as a — t, it is a natural strengthening of (§”) to require that

[pieasfra (X3)
Iy (XO)

While (5.44) has a straightforward probabilistic interpretation, it is not suffi-
ciently strong for our purposes because we will ultimately need the eigenfunc-
tions ry to be uniformly positive, which may not be true in general. Hence we will
need to work with the perturbed kernel P(®) rather than P. But P(®) is not a prob-
ability kernel, and consequently, we must first replace (5.44) with a more general
series representation. To this end let

(5.43) sup IEXQ[,os] = sup E,
xeLgh xeLgh

(5.44) sup E,

} < 00 for some o > t.
xeLyh

(5.45) PO (x, E) = / PO (x,dy)
EN(Lgh)¢
and
(5.46) PO(x, E) = / PO(x,dy)  V¥e>0,
ENLyh

and set P =P and P = P©. Qualitatively, B is a kernel which is nonzero and
equal to P when {X,} avoids the regeneration set /L4, and P is a kernel which
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is nonzero when {X,,} enters £,h. Thus, in particular, 33"~ P (x, S) describes the
event that {X,} begins at state x, avoids the set LA during its first n — 1 time
steps, and enters the set £,/ during the nth time step. Thus it follows from the
definitions that

TO(ST o0
PSS, (X 1 & o
E[ e } S P ) ().

Cra(x) =
Our first objective is to establish the following variant of (5.44), (5.47).

(5.47)

LEMMA 5.1. Assume that (M), (Hy) and (H3) are satisfied. Then for suffi-
ciently large a > 0 and any constant p > 0, there exist a constant D < oo such
that

1 & A . N
(5.48) up { B SA(CUD lzi”ry)(w}f’)’
xeLah | g (x) 5

uniformly for (a, €) € {(«j, €j)} j>7, where (o, ) \ (t,0) is given as in Propo-
sition 5.2 and J is a positive integer.
PROOF. By (Hy), there exist points a >t and /§ > 0 such that A(&, ,3) < 00.
Set & = (@, B), and observe by Proposition 5.1 that
0@ <A@ \(A@ ase— 0.

Hence

o® (&) < o0 for & > O sufficiently small.
By a similar argument,

0w <1 for ¢ > 0 sufficiently small.

Then it follows from the convexity of ©® that on the line segment joining the
origin to (&, B), the function @® always lies below max{©®® (0), @ (&, f)}. In
other words, for some & > 0 we have

(5.49) ©® ((x, éa) <max{l,0® @&, Bl <o  Vael0,a]
o

Now by definition, o® (o, B) is nondecreasing in B [for fixed («, &) and increas-
ing 8], and 0® (a, B) is nondecreasing in ¢ [for fixed (¢, 8) and increasing ¢].
Consequently it follows from (5.49) that

0 (a, B) <max{1,0¥ (@, )} < oo
(5.50)

A

~ L.

Yo € [v, @], € €[0, ], and for 8 = ét
o
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In other words, ®® («, B) is bounded uniformly when («, &) € [t,a] x [0, £].
Therefore, for any p > 0, and for &« = («, §) and B is given as in (5.50), there
exists a finite constant a such that

Ba
(5.51) 0(8)(05)::exp®(8)(oe)562— Y(a, €) € v, &] x [0, &].
Yol

For the remainder of the proof, the constants  and a will now be fixed, while
the parameters « and ¢ will be allowed to vary within the range of values specified
in (5.51). [Later, we will restrict (, ) to those elements belonging to the sequence
{(aj, €j)} which appeared in the statement of Proposition 5.2.]

By the subinvariance of r’,

(5.52) fS 2T HBH0) PO (1 dy)r® () < 0O (@)r®) (x).
Hence
(5.53) ePa /( o O PO (x dy)r® (y) < 0O @)r® (x).
By setting

K(x,E)= /E e pPE(x,dy) and V=r{

and substituting (5.51) into (5.53), we then obtain
1
(5.54) KV < 5 V.

Now if (o, ¢) € {(«}, ¢;)}, then it follows by Proposition 5.2 that r(ff) 1S uni-

formly bounded from below on £, /. Hence for some positive constant c,

8¢ ()r (x) > / PO (x, dy)r® (y) > ¢ f PO (x, dy)
Lah Lah
(5.55)
A (&)
>c / P, (x,dy),
S

where, in the last inequality, we have used the fact that 7 > 0 — Py > P, for

all 8 >0 and ¢ = («, B), and we have used the fact that Efxg) (x,-)=0on (L)
[cf. (5.46)]. If we now define the constant A > 0 and function A :S — R by

(5.56) and A(x)=A, Vx €S,

B c
209 ()
then from (5.55) we obtain

. 1
(5.57) POA < r® = SV,

| —
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From (5.54) and (5.57), we conclude

(5.58) KV <vV—PYA,

which may roughly be viewed as a drift condition satisfied by the kernel K.
Next, we claim that

(5.59) voxmy =3 K POA  ymez,.

n=1
To establish this claim, proceed by induction, observing that (5.59) holds when
m =1, by (5.58). Now assume that (5.59) holds for arbitrary m. Multiply (5.59)
on the left by X and apply (5.58) to the first term on the left-hand side to obtain

m+1
(5.60) (V= POA) = xm v = 3 Kk POA,
n=2

which is (5.59) with m + 1 in place of m.
Since K™V > 0, it follows upon letting m — oo in (5.59) that

o0

V) = Y (kPO A )

n=1

= Z B "A)@).

Now by the deﬁmtlon of P, we have that (x -y =0 on (L h)¢, and by

Proposition 5.2, ra is bounded from above on £ah for all (a,¢) € {(aj, &)}
Hence for any (a, ¢) € {(«}, )}, there exists a finite constant d such that

(5.61)

[ 2w o =d [ B ay = KP 'A(x) VEes$:
that is, Ea A> (A /d)ﬁ '+ Substituting this inequality into (5.61) yields

d
S BB 0 <Py,

(5.62)
‘” €9 ArS (x)

Thus we have established (5.48), except that the constant D on the right-hand side
of that equation must be replaced with the quantity on the right-hand side of (5.62),
which [from the definition of A given in (5.56)] may be identified as

2pd0® ()

DE —
* crs (x)

Vi(x).

It remains to show that Dgf) is uniformly bounded from above when x € L,h
and (o, €) € {(a}, €;)}. But by (5.51), 0® () is uniformly bounded from above
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for « € [v,&] and ¢ € [0, £]. Moreover, by Proposition 5.2, r& and V= ¢
are uniformly bounded from above and below on the set £,/, provided that

(a, &) € {(aj, £;)}. Thus we conclude that Dgf) is uniformly bounded from above
for x € Lh and @ € {(«j, £/)} N ([v, &] x [0, €]) = {(«j, &)} j>s, for some posi-
tive integer J. [

LEMMA 5.2.  Assume that (I), (H2) and (H3) are satisfied, and let S), =
Sy + f(Xo). Then for a > 0 sufficiently large and p > 1 sufficiently small,

T—1
(5.63) E,, [Z p”e"S{| <00 for some a > t.
n=0

PROOF. Forany x € Sand E € 4, set
QY (x, E) = / 0@ (x,dy).
EN(Lah)C

Then it follows directly from the definitions in Section 5.1 that

©)
©) _ o ) e
Gt B0 /E @ ¢

and

o) s
2P, By = [ T G0 a).
£ 0© (@)rs” (x)

Now by Proposition 5.1, Q,(f) is a probability measure when 13058) is (0 ()~ !-
recurrent, and Q((f) is a subprobability measure when 1305” is (0®)(«)) " !-transient.
First assume that 13058) is (0® (&))" -recurrent.

Let 5 > a~!, where a is given as in (5.33), and apply Lemma 5.1. This states
that, uniformly in x € £,/ and («, ¢) € {(«j, €;)} >y, there exists a finite con-
stant D such that

(¢)
D>Zf " >Ey; ((BE)" " 2y7)x. dy)

(5.64) Z / (6© (@) (Q9)" ' 0O (x. dy) 121 ()

= E2[(56' ()",

where E€[.] denotes the expectation under the shifted measure Q,(f). Now the

probability measure Q((f) satisfies the minorization (M) introduced in Sec-
tion 5.1. It follows that upon each return to the set .£,/, regeneration occurs with
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probability g(gf) (x). Let IAEXQ[-] denote expectation conditioned on the event that
regeneration does not occur at the start of a cycle evolving from £,4. Then as
a consequence of (5.64), we obtain

(5.65) (1 - @)EL[(56® (@) ] < D

uniformly in x € £,/ and (a, €) € {(aj, &)} j>7-

We begin by obtaining a lower bound for the function ggf). By the definition

of géf) [given in Section 5.1 under (M )],
g =y AL VxedLyh,

where

b} -1
(e) . _ O ©) af () (&) d
1= gy (2 r00) [ 1O 0atay)

and we now assert that yOE*’“) > yp for some positive constant yp. To establish this
assertion, first recall by (5.33) that liminfjﬁooe(gf)(aj) =a € (6(v), 1], and by
passing to an appropriate subsequence, we obtain the convergence as a limit rather
than as a lower limit; that is,

(5.66) lim 8¢ (a;) =ae @), 11.

Jj—o0
Next recall by Proposition 5.2 that, for all («, ¢) € {(«}, €;)}, ro(f) is bounded from
above on J,h. Therefore, there exists a finite constant b such that

y_ 0 ‘ ,

(5.67) liminfyogj’) > L liminf e“ff(”réj’)(y)va (dy).
Jj—>00 j—oo JS

Moreover, from the series representation of r&s) [given in its definition in Sec-

tion 5.1], we also obtain that

Salr,n(x) VxS

(5.68) liminf S (x) >
j—o00 ’

Then applying Fatou’s lemma to the last term on the right-hand side of (5.67)

yields

; 3
(569 timinf [ e/ Or (yatdy) = % [ eI Ov(ay) >0

where the last inequality follows since suppv, C £L,h; cf. Remark 2.1. Thus we

conclude that—possibly after passing to a subsequence—{yogjj )} is bounded from
below by some positive constant, which we call yp, and we may assume that this
constant has been chosen sufficiently small such that yp € (0, 1/2].
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Now choose ¢ > 1 sufficiently large such that

1
(5.70) <—.
2(1 =)'
Then choose (a, ¢) € {(a, &)} jes and p > 1 sufficiently small such that
0(8) t—1
(5.71) p—( (“)) <.
a a

[This choice is possible due to (5.66) and the fact that we have chosen 5 > a~'.
The point (¢, ¢) and constant p satisfying (5.71) will now be fixed for the remain-

der of the proof.] Since g(g)(x) < 1/2, substituting (5.71) into (5.65) gives
. AIO) 1T R 9 Tt
(572) 2D > E;Q[(w) ] > E?[("—(“)) } Vi € Lah,
a a

where the last step was obtained by Holder’s inequality. Then (5.70) and (5.72)
yield

o 6@ (@)\* 1
(5.73) Dy:= sup B2 [(L (“)) ] < .
xeLyh a 1=y
Our next objective is to show that if
(®)
P ()
¢:= PR

then (5.73) implies that ExQ[g“] < 00, all x € L,h. To this end, let N denote the
random number of returns to the set &£,/ which occur before regeneration actually
takes place; that is to say, regeneration occurs directly following the Nth visit
to L,h. Then

(5.74) sup EQ[¢T|N] < ( sup k2[rF ])N:D{;’.
xeLyh xeL

Now the probability that regeneration occurs upon any given return to £,/ is given
by g4 (x) > yp. Thus (5.73) and (5.74) yield

(5.75) sup E2[¢7]1< > (1 — )" ' Df < 0.

xeLgh n=1

Moreover, since ) («) \ a implies that ¢ > 1, we have

EQ[Z§}<EQ[ (;—i—;—z—k >]=const.-IE;(Q[§f]

Vx e L,h.

(5.76)
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Therefore, since a < 1,

T—1 Tl
(5.77) sup EQ[Z(K)O(S)(O{))"} < sup EQ[Zg j|<oo.

xXe ah n=1 xXe ah n=1
Finally observe that
EL[(06 (@) 1(r=m] = (06 @)"(QF — & ® nl’)" %, S).

More explicitly, under the minorization (Mg), 1 — ggf) describes the probabil-
ity that regeneration does not occur at any given time step, and (ng) — géf) ®

,uff) )/ (1 — ggf)) describes the transition kernel in the event that regeneration does
not occur. It then follows from the series representation of a regeneration cycle [as
utilized, e.g., in Nummelin (1978) or Ney and Nummelin (1987a), Lemma 4.1] that

T—1 00
ES[Z(W(@)"} =2 (69 @)"(QF - g8 ® ul)' (. 9)
n=1 n=1

1 0
=
ro({e)(x) n=1
T—1 (&)
X5
=E [Z —)( ),OneaSn:|.
n erI (XO)

[The inequality comes from the fact that, in the definition of g , we have truncated
this quantity at the level 1/2. Also, inequality results since we have substituted Py

for P{*).] Hence

(5.78) P"(By = 84,0 ® D)7 (x)

T—1 _(¢) (X )
(5.79) sup [, |:Z )7”/)”@“511:| < 00.
xeLyh 1"a (Xo)
The eigenvectors can effectively be removed from this last expression, since
(o, €) may now be fixed, and then T uniformly bounded from below by a

positive constant, while r, ( ) is uniformly bounded from above on L;h. More-
over, suppv, € L f (cf. Rernark 2.1), so Xg ~ v, = f(Xp) <b < oco. Hence
S,/q < S, + b, all n > 0. Therefore it follows from (5.79) that

(5.80) Ev, [Z pleS }

as required.

If POEE) is (0 («))~!-transient, then we can normalize the measure ng), multi-
plying it by an appropriate constant A > 1, so that )»Q(g) is a probability measure.
Let

RO, E)=20¥(x,E) and R (x,E)=2Q¥(x,E)  Vx,E.
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Since A > 1, the measure Ré ¢) satisfies the same minorization as ( )

(Mg) DBy <RP(x,E)  VxeS, E€$;

, namely,

cf. (Mp) in Section 5.1. Hence the regularity properties that have just been devel-

oped for gé‘g) may also be applied to the present case without any modification.
To obtain (5.63), choose p > A /a and apply Lemma 5.1, just as in (5.64), (5.65),
to obtain

06 &) T ) ~ 0 (e) T
(5.81) DzEf[(w) ]Z(l_gés)(x))EﬁK,O@)L(a)) }

uniformly in x € £,h, where IAEf[-] denotes expectation under R conditioned on
the event that regeneration does not occur at the start of the regeneration cycle.

Choose ¢ > 1 sufficiently large so that (5.70) holds, and then choose (¢, ¢) and
p > X sufficiently small such that

(5.82) p—t<9(s)(“))” <p.

a ra

[As (o, &) N\ (r,0) and p N\ A, the left-hand side of (5.82) converges to A/a < p,
where the last equality follows from the original choice of p. Thus, it is always
possible to find appropriate elements (¢, €) and p satisfying (5.82).] Using (5.82)
in place of (5.71), we then obtain (5.72), but with ]EXQ[-] replaced everywhere
with IAEf [-]and “0® («)” replaced everywhere with “0@) () /A.” The remainder of
the proof may now be repeated without change [except that “6(®)(«)” is replaced
everywhere with “0@) () /A”’] to obtain (5.77) or, more precisely,

T—1 (&) n
3 (0O) ] <o

n=1

(5.83) sup Ef[
x€Lgh

To complete the proof, note that

(&) 0 (&)
ER|:Z( yolo) (Ol)> :| Z( po (O{)) R(g)_g(g) (8)) (x.S)
n=1

[e¢)

(5.84) Z P (@)" (0 — ¢ @ n{’)" (x,5)
7—1 (8)
(X ) n aSi|
>E, pe .
[Zl r& (Xo)

An inequality arises in the second equation when, on the right-hand side, we
replace A~ )(x) with the larger quantity g(g)(x). The final inequality is then
obtained as in (5.78). Consequently we conclude that (5.79) holds and hence
also (5.80). O
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PROOF OF THEOREM 4.2. Set
Sy=S+f(Xo)  V¥n=0,

and

SLSr =St 1 Vi>l.
Then by Lemma 5.2,
(5.85) E[AY]:= E[eo‘g] <0 for some o > t,

which establishes the first assertion of the theorem.
We now turn to the remaining estimates stated in (4.16). Assume that regenera-
tion occurs at time zero and let T denote the subsequent regeneration time. Let

v

M* = sup{|Bo| + Ao|Bi| + -+ (Ag--- A;—1)|B;|: 0 < j < T}

and observe that

(5.86)  E[|B|*] <E[(M*)*] <E,, |:(|Bol + 3 S |Bn|1{f>n}> }

n=1
Now if @ > 1, then by Minkowski’s inequality and the independence of {B,,} from

(r, {An}),

00 aql/a
Eva |:(|BO| + Z es"*' |Bn|1{t>n}) :|

n=l1

o
(5.87) <E[BI*1% + 3 E[IBI*V*E,, [e*5-11(r=p]"*

n=1

o0
<(1 +]E[|B|°‘])<1 + Y E,, [e“Snl{mH}]”“) < 00,
n=0

where the final inequality holds for sufficiently small « > ¢, since (Hy) yields
E[|B|*] < oo, while Lemma 5.2 yields
(5.88) Ey, [e*51am] <Kp™,  n=0,1,...,

for some constants K < oo and p > 1.
On the other hand, if @ < 1, then in place of Minkowski’s inequality we may
apply the deterministic inequality

(5.89) (y+2)Y <y’ 47  Vy>0,z>0and0<y <1,

and the result follows in the same way as before.
Finally consider (4.17). Assume, to the contrary, that there exists a p-positive
set F' € 4 and a finite constant b such that

(5.90) f(x)=—b and E,[M{]=0c0 VxeF.
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Note
Mg :=sup{| Bol + Ao|Bi| + -+ (Ag- - Aj-1)| Bj]:0 < j < To)
> |Bol + Agsup{B1 + A1 By+ -+ (A1---Aj_1)Bj:1 < j < To}
:=|Bo| + Ao M.
If & > 1, then it follows by Minkowski’s inequality and (5.90) that
(5.91)  E.[(MH¥1V* > —E[|B|*]"/* 4+ e P/*E, [M{1"/*  VxeF.
Then by (5.90),
(5.92) E [(M{)*]=0c0  VxeF.

If ¢ < 1, then we may apply (5.89) in place of Minkowski’s inequality, and the
conclusion still holds.
Now suppose that regeneration occurs at time zero, and set

T =inflneZy:X, e F} nt.

Since ¢(F) > 0, {X,} will visvit the set F over the given regeneration cycle with
positive probability. Since E[M*] < oo implies v, (F) = 0, this means that P{T" <
7} > 0. Let

N* = sup{|B7 |+ A7 |Bys1|+ -+ (A7 - Aj_DIBj|: T < j <7}
and observe by definition that
(5.93) M*>(A;---Ar_)N*.
Now conditional on the event & := {J < 1},

Ee[Eel(A1--- Ar_1NHYT, Ay, ..., Ar_1, X71]
(5.94) .
=Eg[(A1 - A7_1)*Ex, [(N*)*]].

Moreover, the left-hand side of (5.94) is finite, since (5.93) holds and we have
shown that E[(M *)*] < 0o. However, on the right-hand side of (5.94), the term
IEXT[(I\VJ *)*] is infinite due to (5.92). (In particular, note that the definitions of
N* and MS‘ are the same, except that the quantities in the definition of N* are
conditional on an initial state X5 € F, while the quantities in the definition of 1\;16k
are conditional on an initial state Xo = x € S.) Consequently, we conclude

Eg[(Ar---A7_¥]=0.
But §ince T <1t <00 as. and A, > OVfor all n,vthis is impossible. Hence
E,[M{] < oo for ¢-a.a. x, and then E,[B{] < E,[M{] < oo, ¢-a.a. x. Setting

B, = 1 and observing that in this case éo > Ao, we also obtain Ex[f{g] < 00,
p-a.a. x. [
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6. Some extensions.

6.1. A general Markovian model. In this section, we consider an extension
which allows the sequence {B;} to be Markov dependent, and for there to be de-
pendence between {A,} and {B,}. Now assume

(6.1) logAn = f(Xn) and B, =G(Xp),

where f:S — R and G:S — R. For simplicity, suppose for the moment that
|B,| > 1 for all n, and set g(x) =log G(x). Let

S’n =logA;+---+logA,_1 +log|B,l,

and let A be defined as A, but with S‘n in place of S,. In addition to (Hj), assume
that A () < oo for some @ = («, 8), where o > v and 8 > 0.
An approach to this more general problem is to introduce the kernel

6.2) Ko(x, E) ::/ CFEVp(x,dy)y  VxeS, Ee€8,
E

where F(x,y) = f(x) + (g(y) — g(x)). Note from this definition that
(6.3) K2 (x,S) =E.[|Bol™*(Ao--- Ap—1)*| Bul],

that is, K, now plays the role of Py, and similarly for the kernel R(x, E) :=

/ EN(Lah) K (x,dy), £©) and so on. We note that the random quantity |Bo| may
be bounded under an appropriate choice of supp v,, as in Remark 2.1. In this way
we obtain as a direct extension of Lemma 5.2 that

t—1 o
(64) ]EUa |:(|Bo| + Z pn_lesn—l |Bn|> :| < 00,

n=1
which is the critical estimate needed to handle the present generalization. Finally,
the assumption |B,| > 1 may be dropped by replacing | B, | with |B,| + 1 in the
relevant parts of the proofs.

In practice, dependence arises in the sequence {B,} if, for example, the pre-
miums of the insurance company are determined by a bonus system, in which
case they depend on the observed claims in the previous time intervals. In this
setting, {B,} may be modeled as a function of a Markov chain on R, say. See
Lemaire (1995) for general background on bonus systems, or Bonsdorff (2005)
for some recent developments.

6.2. Generalizations of (). Finally we discuss certain generalizations of the
minorization condition (9J7). A simple extension—still general enough to handle,
for example, the AR(p) model when p > 1—is to replace the Markov chain {X,,}
with

(6.5) Xy = (X(n—l)k-i-la-"?Xnk)’ n=0,1,...,



1452 J.F. COLLAMORE

for any positive integer k, and to introduce the following minorization condition:
(M1)  Sale n(X)a(E) <P{X; € E|Xo=x} VxeSk Ecst

Set A, = A(u—1)k+1- - Anx and assume that the analogs of (Hj)-(H3) hold.
Then a repetition of the argument given in Lemma 5.2 yields

66 E[AL + pATAS + -+ p AT - A% ] <00
' for some o > tand p > 1,

where 7 denotes a typical regeneration time of the chain {X,}. From (6.6) we
immediately obtain the estimate for A given in Theorem 4.2 [although not the
estimates for B or M since (6.6) omits terms from the sequence on the left-hand
side of (5.63)]. To obtain the remaining estimates of that theorem, we could, for
example, introduce the random variable

(6.7) By = Bu—1)k+1 + -+ Ap—1)k+1 - Ank—1Bnk

and follow the approach just outlined in the previous section. As an alterna-
tive and more direct approach, we could work explicitly with the original se-
quence {B,} and with (M), but introduce a strengthening of (H;). Namely set
log A, = max{log A,, 0} and Ay, = A(n—l)k+1 -+ Ak, and assume the further re-
quirement:

(H)) Hypothesis (H») holds with S, :=log Aj + - - - + log A, in place of S,,.

[A precise statement of this condition would also involve a slight change in the
definition of /; see the discussion below, where we explicitly verify this condition
in the AR(p) case.] A slight variant on our argument then yields

E[AS 4+ pATAL + -+ p" TAL - AY A% ] <00
(6.8)
for some o > vand p > 1,

which is a mild extension of (6.6). If {B,} is i.i.d. and independent of {A,}, then
we consequently obtain the required estimates in Theorem 4.2 for B and M and
hence the limit results stated in our two main theorems. In summary, if we as-
sume the stronger condition (H ), then our main results hold under the alternative
minorization condition (M7).

For example, if {X,,} is an AR(p) process with p > 1, that is,

14

(6.9) Xp=Y aiXp_i+&, n=12...,
i=1

where {¢,} is an i.i.d. Gaussian sequence and Xo = x € R, and if

fxX)=x—un for some u > 0,
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then (M) will not hold with k = 1. However, the minorization (M) and associ-
ated regularity conditions can be verified explicitly.

To demonstrate that our conditions actually hold in this case, we begin by ex-
pressing (6.9) in matrix form. Namely, for each n € Z set

X é‘n al VN .o ap
" 0 0
Xn = s Cn = . and A= . .
Xn—p1 0 0 )
(where Xo, ..., X, are taken to be arbitrary deterministic values). It follows
from these definitions that
(6.10) X, =2AX,_1 + ¢, n=0,1,....

Set Xo =Xo, X1 =X, X2 =Xpp,....
From (6.10) we obtain

(6.11) X, =X+ A" e+ 42, n=0,1,....
Hence, in particular,
(6.12) X, =A"Xy+W,

for some random vector W, ~ Normal(0, §), where § is a covariance matrix
which is easily seen to have rank p.

From (6.12) it follows that for any a > 0, there exists a finite constant b such
that

(6.13) Xpe B,(0) = APXp € By (0),

where B, (x) denotes a ball of radius r about x. Let ®, denote the Normal(x, )
density function, and let

D, (y) =inf{dy(y):x € Bp(0)}  VyeR’.

Note that @, is positive everywhere since, for any fixed y, ®,(y) is continuous as
a function of x and hence achieves its minimum on the compact set B5(0). Then
by (6.13),

(6.14) /EQb(y)dySP(x,E) Vx € B4(0), E € 87,

Consequently (M) holds with v, (dy) = c®,(y) dy and ¢ € (0, 00) a normalizing
constant.

The verification of (H) is likewise straightforward. For example, the rate func-
tion v appearing in (Hp) is just the nonzero point at which A(t) = 0, where A
is the Gértner—Ellis limit for the process {S,}, and this limit may be computed,
as in Example 3.2, by observing that S, is normally distributed for all n, so it
is sufficient to calculate the limiting values of its normalized mean and variance,
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which can be shown to converge as n — oo. In this way we obtain, more explicitly,
that A(x) = —am + o2a? /2 for certain positive constants m and o (the cumu-
lant generating function for an appropriate normal distribution); thus, in particular,
A'(0) <O.

For (H3), first recall that under an appropriate linear transformation, .£, we have
that Wy, — W; ~ Normal(0, 1), where I is the identity matrix. Let ® denote the
Normal(0, /) density function, and fix @ > 0. Then there exists a finite constant b
such that if X € 98B,(0), then

(6.15) D,.(y) <D:(y)  VzeBz(0), ye,(F),
where
¢, (%) ={wz:0>1,z€ By (x)}

is a y-cone eminating from X and y > 0 is a sufficiently small constant. Thus there
exists a finite collection of points {x1, ..., X;} € d85(0) such that

1
<N PG, E)  VzeB;0), VE,
i=1

where P denotes the transition kernel of {,} under the transformation £. Under
the inverse transformation, .£~!, we then obtain that for any given a > 0, there
exist points {xy, ..., x;} lying on the boundary of some ellipse such that
1
(6.16) P(z,E)<> P(xi,E)  VzeB,(0), VE,
i=1

and by a slight extension, we may replace x; with B, (x;) (for some & > 0) on the
right-hand side.

The remaining condition to be verified is that (H;) holds with

Sy:=log Ay +---+1logA,

in place of S, where log Ay = max{log A,, 0}. Since logA,, = f(X,) =X, — u
for some u > 0, we clearly have

Sy <X+ + Xl

To characterize the quantity on the right-hand side, note as a consequence of (6.11)
that

(6.17) 1Xn] < D" Xol + A" e+ + 1) Vn,

where A is the spectral radius of 2 and D is a finite constant. Now under the
standard conditions needed to ensure stationarity of the Markov chain in (6.9) [cf.
Brockwell and Davis (1991)], the spectral radius of 2 is less than one. Hence

(6.18) Sn < D(Xol + [¢1] + -+ + 1)
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for some finite constant D. Since the sequence {{,} is i.i.d., it follows that

1 -
(6.19) E[e(“/D)lgll] <00 = limsup—logE[¢*5"] < co.

n—oo N

As ¢1 has a standard Gaussian distribution, we conclude
1 -
(6.20) limsup — log E[¢*5"] < o0 Vo.
n—oo N

Now in a precise statement of (H;), we would also need to specify a function
h :S? — R which corresponds to the Markov chain {X,,} rather than to {X,,}. What
is actually needed is that

1 5 (k)
(6.21)  limsup — log E[e*SrTP5 7] < o0, some & > tand B > 0,
n—oo N

where S,(,h) =h(X1) +---+ h(X,). In the above discussion, we have chosen
h(x) = |lx|| < lx1|+---+lxpl, where x = (x1,...,xp).

But then (6.21) follows from (6.20) [and its proof, since we may replace S, with

"_1 |X,| in the deduction following (6.18)].

From these considerations, we conclude that if {X,} is an AR(p) process with
p > 1, then the results of this paper still apply; in particular, the examples in Sec-
tion 3 can all be considered in this more general setting.

Finally, in the general ARMA(p, q¢) case, where

P q
(6.22) Xn=) aiXn—i+ Y bjln_j, n=12,...,
i=1 j=0

it may easily be shown [cf. Meyn and Tweedie (1993), page 28] that
(6.23) Xp=boYy+---+bsY, 4,

where {Y,} is the corresponding AR(p) process obtained by setting each b;
in (6.22) to zero. Thus letting

yn = (Yn(p71)+17 cees an) and Ay = A(nfl)erl T Anpa

we see that A, = F(Y,-1, Y,) (where, if necessary, we set ¢; =0 to force p >
g+1).

In this and more general situations, it is useful to consider a further extension
of (IN), as follows. Let {A,} again be defined as in the discussion prior to (6.6)
(i.e., with index “k” in place of “p”), and let {8B,} be defined as in (6.7). Let
V., =h(X,_1, X,), and assume that

&n 1= (dAn, By, Vi) = F(Xu-1, Xp),
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for some function F:S* — R3. Next introduce the following minorization con-
dition:

Sal e, n(X)va(E xT) <P{(X1,81) € ExT'|Xo=x}
(M2)
Vx e Sk, E e 8k, T e R3.

Using a result in Ney and Nummelin [(1986), page 4] in place of Lemma 4.1, we
obtain under (M>) that {(X,, &,)} exhibits a regeneration structure and, moreover,
that its transform kernel exhibits a minorization of the form (J\Z) [where (J\Z) is
given as in the proof of Proposition 5.1]. Then one can proceed as before, although
a rigorous analysis requires a careful treatment and further moment conditions on
the process (A, 8B, V), which we do not pursue here.
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